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ABSTRACT
A numerical model is formulated for studying the ef­
fects of contractions in natural channels on flood pro­
files. It is based on Zienkiewicz1s finite element tech­
nique for solving field problems.
Energy losses at contractions must be evaluated in 
order to compute water-surface profiles in natural chan­
nels. Currently used techniques for computing water- 
surface profiles rely on empirical formulae for evaluating 
contraction losses.
The U.S. Geological Survey (USGS) and the Bureau of 
Public Roads (BPR) have conducted laboratory hydraulic 
model studies to develop a method for predicting energy 
losses at contractions. But small scale hydraulic models 
cannot be designed to achieve dynamic similarity with the 
flood flow prototypes they represent. Since full scale 
hydraulic models have not been found economically feasible, 
numerical modeling seems to be the best approach to the 
problem.
Recent field measurements made by the USGS in 
Mississippi verify that the backwater a- bridges in wide 
valleys can be much greater than would be predicted by 
techniques currently used by the BPR and by the USGS.
The physical flow is here approximated by the steady 
two-dimensional motion of a turbulent boundary layer. 
Viscous stresses are replaced by a friction body force 
which is related to velocity, depth of flow, and hydraulic
roughness by uniform flow formulae. Study is limited to 
flows of subcritical velocity.
The flow distribution is governed by the following 
differential equation which expresses equilibrium of torques 
due to friction forces ]?: curl F - 0. The equation is non- 
linear since uniform flow formulae such as the Manning 
equation or the Chezy equation relate friction stress to 
the square of velocity. The equation can be expressed in 
terms of a stream function in a form similar to the general 
linear "quasi-harmonic" partial differential equation; that 
differential equation also governs the deflections of the 
elastic membrane. Approximate solutions are found by a 
successive-approximations algorithm which uses the finite 
element, technique for solving the membrane equation.
Once the flow distribution is determined, the Bernoulli 
equation can be used to compute water-surface profiles 
along the computed two-dimensional streamlines. For the 
steady two-dimensional subcritical gradually varied flow 
of a turbulent boundary layer, the Bernoulli equation on a 
two-dimensional streamline is an integral identity of the 
two-dimensional Euler momentum equation. It can be applied 
to two-dimensional streamlines that pass through the con­
traction. The Bernoulli equation is solved numerically for 
water levels on the computed two-dimensional streamlines 
by an algorithm based on the 3tep backwater procedure.
Separation of the flow at the abutment of the embank­
ment and its reattachment downstream is studied as a free
3boundary problem. A necessary condition for the existance 
of such separation is that the velocity head at the abut­
ment exceed the head loss due to friction along the free 
streamline.
The solution algorithms have been applied to a 
bridge site in Mississippi where the USGS has surveyed 
high-water marks after two floods. Comparison of the ob­
served water levels with the computed water levels sup­
ports the hypothesis that head losses at contractions can 
be related to friction stress along the computed stream­
lines. Close agreement was obtained between computed re­
sults and field observations with regard to the difference 
in water level across the approach embankments of the 
bridge. The surveyed high-water marks also support the 
validity of the necessary condition for separation. The 
finite element model is also capable of computing the 
above normal water levels downstream from contractions 
that characterize the Mississippi data.
1. INTRODUCTION
1.1 General
The problem of computing the effects of a contraction 
(including backwater) on water-surface elevations and flow 
distributions has been the subject of repeated investigation. 
The Bureau of Public Roads (BPR) has sponsored laboratory 
investigations as well as data collection programs (BPR, 
1970) in an effort to develop techniques for predicting the 
effects of highway embankments on flood profiles. The U.S. 
Geological Survey (USGS) has conducted both laboratory 
investigations and data collection programs of their own 
and in cooperation with the BPR to develop such techniques 
(BPR, 1970) (Kindsvater, Carter, and Tracy, 1953). The USGS 
has the additional interest of obtaining a technique for 
computing peak discharges at contractions where the peak 
water-surface elevations are known from high-water marks.
Current techniques for computing water-surface profiles 
are based on one-dimensional mathematical models. Empirical 
formulae are usually used to predict the effects of contrac­
tions. These formulae are usually based on an analogy 
between the contraction and a slot orifice or other type of 
weir (Albertson, et. al. 1950) and/or laboratory hydraulic 
model studies (Kindsvater and Carter, 1955).
Water-surface profiles near contractions are of impor­
tance in evaluating the effects of highway construction on 
the flood flows it might obstruct. Highway grades must be
designed, and owners of land inundated as a result of the 
construction may have legal claims to compensation for 
damages caused them.
Eichert (1970) has surveyed computer programs avail­
able for computing water-surface profiles in natural chan­
nels; his survey covers leading Federal and State agencies 
in the water resources field and several universities.
The Federal agencies include the U.S. Army Corps of Engi­
neers, the USGS and the BPR. All of the programs which 
he compares are based on one-dimensional mathematical 
models and all rely on empirical formulae for computing 
fall at contractions. The empirical formulae are based 
primarily on laboratory hydraulic model studies.
Empirical formulae based on hydraulic model studies 
rely on dynamic similarity between the hydraulic models 
and the flood flow prototypes they represent. Reynolds' 
law of dynamic similarity postulates that "two flows can 
be considered dynamically similar if (1) they have geo­
metrically similar boundaries, and at the same time, (2) 
the forces acting on the fluid particles at all cor­
responding positions of the two flow fields have a con­
stant ratio " (Pao, 1967, p. 301).
The Reynolds number N„ is the ratio of inertia to 
viscous forces acting on a fluid element. It is defined 
as
where V is the mean velocity in the channel, L is a
6char acteristi c length (usually the hydr aulic radi us or
hyd raulic dep th for open-channel flows) , and v is the kin
emat ic viscos ity (Chow, 1959, p . 7) .
In open- channel flow the effect of gravi ty forces is
very importan t since gravity is usually the princ ipal
fore e causing motion. The Fro ude numbe r Np is the ratio
of inertia to gravity forces acting on a flui d element.
It is defined as
where V and L are the mean velocity and characteristic 
length as defined for the Reynolds number above, and g is 
the acceleration of gravity.
Dynamic similarity can be achieved only if the Froude
number and the Reynolds number are the same for both the
flows in the models and the flows in the prototypes they
represent. But it is usually not possible to design such
small scale hydraulic models particularly if water is to
be the fluid for both the models and the prototypes; the
kinematic viscosity cannot be scaled. Inspection of the
expressions for Froude number and Reynolds number reveal
this, since the Reynolds number N is linearly related toK
the characteristic length L and the Froude number Np is 
inversely related to the square root of the characteristic 
length. This nonlinear relationship among Reynolds number 
Njj, Froude number Np, and geometry precludes the
7possibility of satisfying both the geometric similarity 
and the constant ratio of forces acting on the fluid ele­
ments that is required by Reynolds' law for dynamic simi­
larity. Only if the hydraulic model is built to the same 
scale as the prototype will dynamic similarity be possible; 
and full scale hydraulic models have not yet been found 
economically feasible.
In general, flood flows are characterized by very 
high Reynolds numbers and low Froude numbers. Many in­
vestigators using hydraulic models have chosen to design 
their models to match the Froude numbers of the prototype 
flood flows. The resulting Reynolds numbers of the model 
flows are too low and the effects of viscosity are thus 
exaggerated.
In the alluvial valleys of the southern states, chan­
nel gradients are very mild and the channels meander 
across very wide flood plains. The flow on the flood 
plains can represent the major part of the flow for the 
channel systems. Highway bridge approach embankments are 
frequently placed so that they greatly constrict the flows 
on the flood plains. The flood plains in some cases are 
one mile wide and the bridge openings are frequently over 
five hundred feet wide. Hydraulic modeling for such field 
prototypes would require extreme scale factors. The dy­
namic similarity between such model flows and the flood 
flow prototypes would be greatly distorted.
8Recent field measurements by the USGS in Mississippi 
verify that under such conditions the backwater effects of 
contractions can be much greater than can be predicted by 
conventional techniques. The backwater at Tallahala 
Creek at State Highway 528 near Bay Springs, Mississippi, 
during a recent flood was approximately five times as 
great as the backwater that would be predicted by the USGS 
technique (USGS, 1955) or the BPR technique (BPR, 1970).
A mathematical model and numerical solution algorithm 
based on the finite element method are formulated here; 
they extend the relationships that have been developed 
and verified for one-dimensional open-channel flow to ex­
plain the relationships governing two-dimensional flow in 
bridge waterways.
The model is intended for use in the analysis of data 
currently being collected by the U.S. Geological Survey 
for State Highway Departments in Louisiana, Mississippi, 
and Alabama in cooperation with the BPR. The USGS has 
sponsored research on this model under its dissertation 
support program.
Once the relationships postulated in the model have 
been verified and calibrated by comparison with surveyed 
field data collected under the data collection program the 
model should be very useful for hydraulic design in bridge 
waterways. Sufficient data is not now available, however, 
to complete the verification and calibration phase of de­
veloping the model.
1.2 Open-Channel Hydraulics
1.2.1 Prismatic Channels
Consider a prismatic channel (unvarying cross-section, 
constant bottom slope SQ, and linear channel centerline).
The total energy per unit weight of water in any streamtube 
including the free surface through a point (a) on a channel 
section can be expressed as the total head H in feet of 
water (Chow, 1959, p. 39):
V!(1.1) Ha = Za + da +
where Z_ is the elevation of point (a) above the datum plane.ci
da is the depth of point (a) below the water surface mea­
sured normal to the datum plane, and V^/2g is the velocity 
head in the streamtube passing through (a) (see figure 1.1). 
The total head is frequently computed for the streamline on 
the free surface using a mean velocity V computed by 
dividing the total discharge Q by the cross sectional area 
of the channel beneath the water surface A ; for the free 
surface dQ = 0. The first two terms on the right are mea-a
sures of potential energy and the third (velocity head) is 
a measure of kinetic energy. The total energy can be 
plotted on the channel profile giving a total energy line 
as shown in figure 1.1. The energy gradient S is defined 
as the slope of the total energy line. Such a slope indi­
cates a dissipation of energy from the channel system 
usually due to friction at the channel bottom; for this 
reason it is sometimes referred to as the friction slope Sf.
Datum
Profile
Energy Line
WS
Datum
Figure 1.1 -- Schematic Diagram of Free Surface Flow
in Prismatic Channel
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The head loss due to friction from point (a) to a point (b) 
is indicated by h ^ .
If the slope of the channel bottom SQ , the slope of 
the water surface Sw , and the energy gradient S, are all
equal (S = S_ = S ) then the flow is said to be uniform.0 w
Under these conditions an equilibrium has been reached be­
tween the rate of dissipation of energy through friction at 
the channel bottom G and the rate of decrease of potential 
energy as the fluid moves downstream to lower elevations.
If the water-surface slope Sw , channel-bottom slope 
SQ , and energy gradient S, are not all equal, then the 
free-surface flow is described as gradually varying or 
rapidly varying depending on the magnitude of acceleration 
components normal to the ground plane. If the acceler­
ation components normal to the ground plane are such that 
the pressure distribution remains approximately hydrosta­
tic then the flow is gradually varying, otherwise it is 
classified as rapidly varying. The theory of gradually 
varied flow is based on the assumption that the energy 
gradient S of the gradually varied flow at some point in 
the channel is the same as that of a uniform flow having 
the same velocity, hydraulic roughness, and hydraulic 
radius (Chow, 1959, p. 212). Steady flow is assumed 
throughout the above definitions.
Uniform flow may be subcritical, critical, or super­
critical depending on the steepness of the channel bottom. 
If the slope of the channel bottom is such that uniform
12
flow will be subcritical, the slope of the channel bottom 
is said to be mild. Critical and steep refer to channel 
slopes for which the uniform flow will be critical or super- 
c. t i 11c a.l. reijpe c t i v e 1 y .
1.2.2 Contractions
1.2.2.1 General
Consider now the problem of constricting the flow in a 
mild channel at some cross section. Such contractions are 
usually observed to cause a rise in water sur face immediately 
upstream from the contraction. Backwater is defined as the 
maximum difference between the increased water-surface ele­
vation and the normal water-surface elevation (BPR, 1970, 
p. 2). The flow upstream from the contraction will be 
gradually varied; it will approach uniform flow at some 
distant point upstream. The flow profile upstream is known 
as the backwater curve or Ml curve. It occurs when the 
water surface at the downstream end of a long prismatic 
channel of mild slope is raised above its normal depth (Chow, 
1959, p. 228).
1.2.2.2 Measurement of Backwater and Fall at Contractions
Figure 1.2 illustrates the configuration of backwater.
Field measurements made by the USGS on bridges where the 
flood plains on each side of the main channel were no 
greater than twice the bridge length b and hydraulic rough­
ness was relatively low indicate that the elevation of the 
water surface throughout areas ABCD and AEFG will be essen­
tially the same as at point A (BPR, 1970, p. 25).
13
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Figure 1.2 -- Configuration of Backwater
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/
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At section (1) the difference between the actual water 
surface elevation and the normal water-surface elevation is 
maximum. That difference was defined above as the backwater. 
Since the normal water surface is usually not observable, 
the backwater cannot usually be measured. The difference 
in water level across the embankments Ah can be measured 
from observations on the actual water surface alone. That 
difference Ah will be referred to as the fall. The fall 
includes the drawdown on the downstream side of the embank­
ment. The fall is defined by the BPR (1970, figure 12, 
p. 21) as the difference between the water level along the 
banks at section (1) and the water level on the centerline 
at section (3). The BPR has also published curves for 
determining the distance to section (1) measured from the 
water line on the upstream side of the embankment (BPR,
1970, p. 25).
Measurements of the water surface at section (1) may 
not be easily obtained during floods and the location of 
section (1) itself may not be certain. A common practice 
is to mark the water surface at points D, G, H and I (see 
figure 1.2). Points D and G are taken one half of a bridge 
width from the abutments. One bridge width is considered 
a good approximation for the distance to section (1) and 
the water levels at D and G are considered to be the same 
as at A. The zone of drawdown near the contraction is 
approximated as a semicircle of radius one bridge width.
The fall is then recorded as the difference between the
15
average of the upstream water levels marked at D and G and 
the average of the downstream water levels marked at H and 
I. It should be noted, however, that the water levels at 
H and I will usually be lower than the water level on the 
centerline at section (3). (Kindsvater, Carter and Tracy, 
1953, figure 3, p. 4). The procedure described here, however, 
is the one apparently used by the USGS for measuring the 
fall at bridge sites. In particular, the technique described 
was the one used to obtain the measured fall at Tallahala 
Creek at State Highway 528 near Bay Springs, Mississippi 
tabulated by the BPR (1970, Table B-2, p. 102).
In summary, there are two common definitions of fall Ah. 
The first is posed by the BPR (1970, p. 21); it is probably 
the most useful for the purpose of plotting water-surface 
profiles; but it involves a centerline water-surface measure­
ment which is difficult to obtain. The second is inspired 
by field practice; it uses water levels at the abutments of 
the bridge opening as a measure of water level on the down­
stream side of the embankment which can usually be obtained 
from high-water marks or can easily be marked during the 
flood. Fall defined by the second definition will usually 
be greater than the fall defined by the first since the 
water level is usually higher on the centerline of the con­
tracted section than on its edges (Kindsvater, Carter, and 
Tracy, 1953, figure 3, p. 4). Both definitions are based 
on the hypothetical water-surface configuration illustrated 
in figure 1.2 and described above.
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1.2.2.3 Prediction of Backwater at Contractions
As mentioned above, there Is no reliable method for 
predicting backwater or fall at contractions. And there 
has been little Investigation Into the mechanics of back­
water at bridges.
The mechanics of backwater at bridges has most recently 
been treated by Laursen (1970). Laursen distinguishes four 
zones in describing flood flow through a contraction (see 
figure 1.3). Zones I and IV are described by Laursen as 
zones of gradually varied "accretion" and "abstraction" 
respectively where water moves between the central channel 
and the flood plain. Zones II and III are described by 
Laursen as zones of "rapidly varying" acceleration and 
deceleration respectively.
Both Laursen (1970) and Kindsvater, Carter, and Tracy 
(1953) refer to the separation of flow downstream from the 
contraction. The flow separates as it passes through the 
opening into a live stream or "jet" and an "eddy zone" just 
downstream from the contraction; the flow reattaches with 
the bank some distance downstream (see figure 1.3). Laursen 
recognizes a loss of kinetic energy due to the rapid decel­
eration and expansion of the live stream; he computes that 
loss from formulae recommended by Albertson et. al. (1950). 
Albertson's formula is based on laboratory experiments with 
a slot orifice. Neither Laursen (1970) nor Kindsvater, 
Carter and Tracy (1953) are clear with regard to the degree 
of stagnation or the mechanism of the "eddy zone".
17
I
Zone I 
Accretion
S  Zone II
f Contraction
"Eddy Zone"
Zone III 
Expansion
Zone IV 
Abstraction
\
\
"Eddy Zone"
Figure 1.3 — Schematic Diagram of Zones of Flow near 
a Contraction
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Laursen (1970) has recommended a procedure for calcu­
lating the backwater effect of a contraction based on an 
assumed potential flow distribution and a computed energy 
loss due to expansion in zone III based on Albertson's work 
with the slot orifice.
1.3 Problem Definition and Approximations
The problem treated by this work will be limited to 
that of computing the flow distributions and water-surface 
elevations for steady turbulent flood flows through single 
opening contractions in natural channels of mild slope. The 
total discharge through the contraction and the water sur­
face elevation across a downstream cross section are assumed 
to be known. The flow distributions at both the upstream 
and downstream boundaries are to be computed but it is 
assumed that those cross sections are chosen to be perpen­
dicular to the direction of flow.
It is assumed that the physical problem cam be approxi­
mated by a mathematical model which will now be described.
It is assumed that the physical flow approximates the follow­
ing conditions:
1) Steady state —  No time dependency or hydraulic tran­
sients .
2) Two-dimensional —  All velocities will be parallel to 
the ground plane (xy - plane) and all pressure distri­
butions will be hydrostatic. The velocity distribution 
in the z-direction normal to the xy - plane is uniform; 
it represents the depth integrated average velocity of 
the physical problem. The flow is essentially analogous 
to compressible plane flow with density proportional to 
the depth of the real fluid. Such flows are described 
by Landau and Lifshitz (1-959, p. 396) under shallow
water theory and are analogous to the one-dimensional 
gradually varied flow described by Chow (1959, p. 217).
3) Subcritlcal —  Velocities are sinaller In magnitude than
t
the celerity of small gravity waves propagating in a 
fluid of like density and depth. This assumption will 
be shown to preclude the existence of discontinuities in 
velocity along streamlines.
4) Turbulent -- The flow behaves as a fully developed tur­
bulent boundary layer generated by viscous attraction at 
the channel bottom. These viscous forces dominate any 
viscous forces or boundary layers developed at any other 
solid boundaries.
5) Constant mass density —  The mass density p is that of 
water. It is constant throughout.
Consider region R 3 bounded above by the free water sur­
face Z ■ Z(x,y) and below by the channel bottom G “ G(x,y). 
Let D be its projection in the xy-plane as shown in figure
1.4 and let 3D be a piecewise smooth curve bounding D in the 
xy-plane. Also let d ■ d(x,y) represent the depth of flow 
on D. Thus,
(1.3) d(x,y) - Z(x,y) - G(x,y)
Let V(x,y) ■ u(x,y)^ + v(x,y)J^ represent the two- 
dimensional depth integrated average velocity field defined 
on D; V is assumed to vary continuously on D. Furthermore, 
let dD be segmented into 3D , 3D , 3D , and d'D where 3D
1 2  3 «♦ i
and 3 D^are projections of boundaries across which there is
21
no flow (solid boundaries) and 9D3 and 3D,, are projections 
of boundaries across which the velocity vector is normal to 
9D (flow boundaries) (see figure 1.4).
boundary----
S 9^^"" 9D
9D
~  \
Flow \
Boundary ^r\
^ — ■—  ____9^2_____
Solid Boundary
Figure 1.4 —  Schematic Diagram for Problem Definition
Let the viscous shear stress generated at the channel 
bottom be replaced by a depth integrated average body 
force F^ = £(x,y) defined on D. Its magnitude will be re­
lated by uniform flow formulae to the velocity V ° \f(x,y) , 
depth of flow d = d(x,y), and Manning roughness n = n(x,y) 
defined on D. This is consistent with approximations (2) 
and (4) above.
Let the water-surface elevation Z along the downstream 
flow boundary 9D3 be specified. The water-level control 
could be specified by a condition on the upstream flow
boundary 3D|, but the downstream control Is suitable to most 
physical problems and It will be adopted here.
The flow separation downstream from the contraction 
forms a velocity discontinuity between adjacent streamlines 
which will be treated as a free boundary problem. For 
that problem the boundary geometry 3D will be variable. 
Appropriate boundary conditions for the location of the 
free boundary must be formulated. Once the geometry is 
fixed, however, the problem definition is identical to 
that of fixed boundary problems with velocity field vary­
ing continuously on D. The mathematical model will be 
formulated for fixed boundaries 3D and the procedures for 
its application to the free boundary problem will then be 
formulated. All further discussions are based on fixed 
boundaries 3D except where otherwise designated.
This dissertation will treat the following problems:
1) Formulation of the equations of motion governing the 
flow of the mathematical model described above,
2) Formulation of numerical solution algorithms for com­
puting the flow distributions and water-surface eleva­
tions on D, and
3) Formulation of procedures for the application of the 
model to problems where separation is expected down­
stream from the contraction and a criterion for de­
termining when separation should be expected and when 
It should not.
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The following data will be considered input to the 
model:
1) Ground-surface elevations G ** G(x,y) on D,
2) Manning roughness coefficients n = n(x,y) on D (to be 
explained in section 2),
3) Total volume rate of flow or discharge Q through D,
4) Downstream water-surface elevations Z «= Z(£) on 3D3,
5) Geometry of all fixed banks 3Dj and 3D2, and
6) Geometry of upstream and downstream cross sections 3D3 
and 3D«, normal to the velocity field V = V(x,y).
2. FRICTION FORCES
As stated above (cf. section 1.3), friction force 
generated by viscous shear stress at the channel bottom on 
D will be replaced by a depth integrated average body 
force assumed to act uniformly on the entire thickness of 
the turbulent boundary layer. This is consistent with ap­
proximations (2) and (4) of section 1.3. In vector form 
the friction body force _F = JF(x,y) will be related to the 
velocity V = V(x,y), Manning roughness n = n(x,y), and 
depth of flow d = d(x,y) as follows:
g = acceleration of gravity.
Equation (2.1) will be developed in detail below.
It is not the primary purpose of this work to study 
friction stress formulae. There is, however, theoretical,
formulae of the form (2 .1).
Chow (1959, Chapter 8) describes the development of 
the turbulent boundary layer in open-channel flow. After 
accelerating from rest and traveling some distance in the 
channel the velocity distribution becomes stable and con­
stant. The total resistance of viscous shear stress is
(2.1) F = -Cf(n,d)|V|V
where
and
empirical, and historical basis for the use of friction
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then in equilibrium with the componant of gravity force 
along the channel bottom. Since that viscous stress is 
proportional to the mass of the fluid it can be treated as 
a body force. It will be referred to as the friction body 
force F.
The frrnch engineer, Antoine Chezy, is believed to 
be the first to express a relationship between the fric­
tion force of the channel bottom on such a flow and the 
velocity and roughness of the channel bed. Chezy's for­
mula was developed and verified by experiments on an 
earthen canal, the Courpalet Canal, and on the Seine River 
in late 1769 (Chow, 1959, p. 93). It is thus applicable 
to prismatic channels of relatively small cross sectional 
area as compared with alluvial flood plains. Nevertheless, 
his approach has since been used repeatedly in the de­
velopment of empirical formulae to explain friction forces
in natural channels.
Chezy assumed "that the force resisting flow per 
unit area of the streambed is proportional to the square 
of the velocity " (Chow, 1959, p. 93).
Thus ,
(2.2) f = KV2
where, V «* Q/A,
Q ■ total discharge in cubic feet 
per second, and
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A ■ cross sectional area of channel. 
In 1889 the Irish engineer, Robert Manning, presented 
a formula, which was later modified to its present form:
V
(2.3) Q = KS 2
1 49 2fowhere, K = —   AR = channel conveyance,n
Q = total discharge in cubic feet per second, 
R = hydraulic radius (cross sectional area 
divided by wetted perimeter of channel 
section in feet),
S = slope of energy line for uniform flow, 
n = Manning roughness coefficient, and 
A = cross sectional area of channel.
The quantity K is the conveyance. It is a measure of the 
carrying capacity of the channel.
Manning's formula was developed for conditions si­
milar to those stated above for Chezy's work. It is men­
tioned here because it has become the cornerstone for 
most practical work since and it is widely used in the 
United States at this time for computing water-surface 
profiles in natural channels. The U.S. Geological Survey 
has developed procedures for estimating Manning's rough­
ness coefficient "n" and has verified its use for flood 
flows in natural streams under an assortment of conditions 
(Barnes, 1967).
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The slope of the energy line for conditions of uniform 
flow can be considered equivalent to the friction stress 
per pound of water. For points on the ground surface in 
the interior of very wide flood plains, the depth of flow 
d can be used for the hydraulic radius. We thus obtain 
the following expression for friction stress on the flood 
plain making use of Manning's "n" as an index of rough­
ness :
where, d = depth,
Y = unit weight of water, and
w
n = Manning's roughness coefficient.
The quantity in brackets can be considered a constant 
of proportionality between friction stress and the square 
of velocity for comparison to the Chezy formulation. It 
is noted that this constant of proportionality is a 
function of depth. In fact, the roughness coefficient n 
itself is a function of depth. It thus seems justifiable 
for purposes of this work to adopt one coefficient which 
is a function of depth and to follow Chezy's convention to 
express friction stress by the simple relationship:
(2.5) f - C'(n,d)V2
C^(n,d) will be a channel resistance which can be computed r
from Manning's "n" and depth of flow using equation (2.4).
It is a function of hydraulic roughness and depth. The 
resistance is inversely related to the conveyance.
In order to obtain an expression for the depth inte­
grated average body force used to replace the force of 
friction on the turbulent boundary layer (cf. section 1.3) 
the friction stress f must be divided by the mass density 
per unit area of the boundary layer (pd):
f C c
(2.6) F = -L = _£V 2 = CfV 2
pd pd *
where = C^/pd is a depth dependent resistance character 
izing the body force F. The functional dependence of the 
resistance on the water surface Z = Z(x,y) will be de­
noted by
(2.7) Cf = Cf(x,y;Z(x,y)] .
It will be understood that the dependence of on x and 
y includes the dependence on roughness n = n(x,y) and 
ground-surface elevation G = G(x,y).
The vector form of equation (2.1) can be obtained 
from equation (2 .6) by noting that the friction force of 
magnitude given by equation (2.6) will be directed op­
posite to the velocity vector at all points (x,y) on the 
interior of D.
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3. EQUATIONS- OF MOTION. GOVERNING FLOW 
DISTRIBUTION
3.1 General
The equations of motion which govern the distribution 
of flow on D will now be formulated. They are based on the 
mathematical model and approximations described in sec­
tion 1.3. The water surface Z = Z(x,y) will be considered 
a known function throughout this section. The equations 
which govern the water surface and which define its inter­
dependence with the flow distribution will be discussed in 
later sections.
3.2 Conservation of Mass and the Stream Function
Consider a control volume the projection of which will 
be designated Ac D and which is bounded above and below by 
Z and G respectively (cf. figure 1.4). Continuity of mass 
requires the following balance between flow into the con­
trol volume and rate of increase of mass in the control 
volume:
(3.1) (-V* _n pd)da 
DA
3_
Tt
(pd)dA
JA
For steady state conditions the term on the right vanishes. 
Gauss' theorum can be used to convert the integral on the 
left to a volume integral. Constant density p can be as­
sumed for water (cf. approximation (5) section 1.3). Thus,
i
(3.2)
div(Vd) = 0 .
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Since A was chosen arbitrarily and the integrand is assumed 
continuous on D (cf. section 1.3), the integrand must vanish. 
The vollowing differential equation assures conservation of 
mass for the flow described:
Consider now the following integral on an arbitrary 
closed path 3A in D:
»
(3 .4) [(-vd)dx + (ud)dy] .
3A
Equation (3.3) assures that this integral is inde­
pendent of path on D. The stream function tJ; is thus de­
fined:
A streamline is defined as a path along which the 
velocity field V = V(x,y) is tangent at all points. The 
differential equations describing this condition are given 
by:
(3.3) div(Vd) = 0
dip ■* (-vd)dx + (ud)dy^
(3.5)
or
(3.6) dx ■ djr 
u v
3.1
Dividing both sides by the point depth d and rearranging 
terms gives:
(3.7) (ud)dy - (vd)dx «* 0
Substituting the expressions for the velocity componants u 
and v from equations (3.5) results in the following ex­
pression on the streamline:
(3.8) dip = M.dx + M d y  = o 
3x 3y
Thus the stream function ip is constant on a streamline. 
Streamlines can be located by solving for the level curves 
of the stream function.
The flow between two two-dimensional streamlines can be 
obtained by the following integral on a path 3C between the 
two streamlines (see figure 3.1):
(3.9) (Vd )* rids 
3C
(ud)dy - (vd)dx 
J3C
dip
3C
Thus the flow between two two-dimensional streamlines is 
given by the difference of the stream function values on 
the two streamlines.
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Figure 3.1 -- Discharge between Two Streamlines
3.3 Conservation of Momentum
The Navier-Stokes equation expresses the law of con­
servation of momentum for the three-dimensional, viscous, 
incompressible flow of a Newtonian fluid in vector form 
(Pao, 1967, p. 280):
(3.10) dv3
Dt
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where,
l?k « £|j(x,y,z) - body force vector field,
p » p(x,y,z) - pressure function,
V » kinematic viscosity (constant),
V3 = u (x, y * z) jL + v (x , y , z ) + w(x,y,z)k =
three-dime nsional velocit y field on R3, and
DV q—=z = material derivative of velocity vec.tor.
Dt
The pressure p = p(x,y,z) can be eliminated’from the 
above equation by taking the curl of both sides of the 
equation, noting that the order of operation for the curl, 
material derivative, and Laplacian operators can be inter­
changed and that the curl of a gradient vanishes identically. 
Thus ,
(3.11) E= = curl F, + vV2w
Dt -b ~
where,
0) = U)(x,y,z) = three dimensional vortlcity
vector field.
The vorticity oj is defined as curl V 3. Its magnitude is 
equal to twice that of the local angular velocity vector 
(Pao, 1967, p. 21). For the two-dimensional flow (cf. ap­
proximation (2), section 1.3) it has only one non-zero com- 
ponant which is normal to the xy-plane (a) = £(x,y)k).
Equation (3.11) can be specialized for the flow described in 
section 1.3 by the following scalar equation:
The last term on the right expresses the force due to 
viscous surface stresses on the x and y faces of the three- 
dimensional fluid elements. For very wide flood planes and 
high Reynolds numbers, these viscous forces are signifi­
cant only in the boundary layers developed along the solid 
boundaries 3Dj and 9D2« Elsewhere they will be dominated by 
the viscous surface forces generated on the channel bottom 
G and propagated through the fluid by turbulent mixing (cf. 
approximation (4), section 1.3). In this model, only those 
viscous forces represented by the friction body force 1? will 
be accounted for. The viscous term vVz£ of equation (3.12) 
will be neglected in further analysis.
3.4 Differential Equation Governing Distribution of Flow 
Combining equations (2.1), (3.5) and (3.12) and ne­
glecting the viscous term of (3.12) the following equation 
for two-dimensional flow in the xy-plane is obtained:
(3.12) = curl F + VVZ£ . 
Dt “
(3.13)
Dt
—  =* curl F = ^ - c f |v|v> + ^ ( C f |v|u)
The flow distribution on D will be specified byastream 
function if/ ® ip(x,y) which is a solution to (3.13) subject to 
the following boundary conditions (cf. figure 1.4):
(3.14a) i|Kx,y) = on 3DX,
(3.14b) ijj(x,y) = \j)2 on 8D2, and
(3.14c) = 0 on 3Da and 8Di* .
ifJi and \p2 are set so that the total discharge Q is ex­
pressed by:
(3.15) Q = - il2 ■
Equation (3.13.) is a nonlinear partial differential 
equation. The velocity V is related to the derivatives of 
the stream function \(j by equation (3.5). The vorticity was 
defined above as curl V and, thus, it is also related to \(j. 
Furthermore, the resistance is related to the water sur­
face Z = Z(x,y) as indicated by equation (2.7); the 
functional dependence of Z on will be discussed in sec­
tion 4.
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4. EQUATIONS OF MOTION GOVERNING WATER—SURFACE
4.1 Pressure Equation for a Streamline
Equations for determining the water surface Z 
will now be formulated. By approximation (2) (cf 
tion 1.3) the pressure distribution is hydrostati 
depth integrated pressure on the fluid layer at a 
can thus be related to the water surface Z = Z(x, 
will be assumed throughout this section that the 
function ip = \p(x,y) is known on D. The family of 
lines on D can then be found by solving for the 1 
of ip on D.
The two-dimensional depth integrated Euler e 
be obtained by integrating equation (3 .10) with r 
z, neglecting the viscous stress term W ZV3 as fo
(4.1) DV „ 1-=  ^I ~ — VP 
Dt pd
where,
fZ(x,y)
P = p(x,y,z)dz
G(x,y)
For hydrostatic conditions (cf. approximation (2) 
1.3) :
(4.2) P - V2 Y„d2 .w
ELEVATION
- Z(x,y)
. sec- 
c . The 
point on D 
y) • It 
stream 
stream- 
evel curves
quation can 
espect to 
Hows :
, section
Let s represent arc length along the two-dimensional 
streamline. The scalar product of equation (4.1) and the 
vector ds is expressed by:
(4.3) vi! +
3s T 31
1 P
ds *= Fds - — j  -r— -dspd 3 s
Figure (4.1) shows a differential length of channel 3S 
taken along a two-dimensional streamline. The partial deri­
vative can now be computed formally as follows:
(4.4) ! Z = l i m  P(s + As) - P(s)
9s As^o As
where,
P(s) = V2 Yw [Z (s) - G (s) ] 2
and
P(s + As) = VaY^tZfs + As) - G(s)]2 •
Note that variation in depth integrated pressure P is 
due to variation in water surface Z alone-. It is inde­
pendent of variations in ground surface G. This is at­
tributable to the horizontal componant of force exerted by 
the sloping channel bottom on the fluid; the expression for 
P(s + As) Includes the force of the channel bottom G on the 
fluid 3S. The expressions for P can now be substituted in­
to the expression for the partial derivative. Combining
Datum
Figure 4.1 —  Pressure Diagram for Channel
Streamline
d(s+As)
G(s+ As)
P(s+As)
Segment Along Two-Dimensional
U3
ce
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like terms then results in the following expression:
(4.5) 3P 
9 s
V2 Y lim 
w As+o
Z2 (s + As) - Z (s)
As
Z(s + As) - Z(s)
—  -
The two limits on the right are definitions of partial 
derivatives for Z2 (s) and Z(s) respectively. Thus,
-y G(s)lim 
As*-o
(4>6) || - Yw [Z(s) - G(s)]^||^-
or
Substituting equation (4.6) into equation (4.3) and 
specializing for steady state conditions gives:
(4.7) VdV + gdz - Fds = 0 .
If V(s) is continuous then
(4.8) VdV » d (~)
AO
and equation (4.7) can be integrated as follows:
(4.9) I dB » B(^) .
g
0
This is the pressure equation for the flow described in sec­
tion 1.3. The constant B(i/>) can be determined for each
known at one point on the streamline. B(i|0 will in general 
be different on each streamline. Since the water surface is 
assigned on 3D3 (cf. section 1.3), and every streamline in­
tersects 3d3 perpendicularly, 3D3 can be considered as an 
initial curve and the water surface Z = Z(x,y) on D can be 
generated by the corresponding one parameter family of so­
lutions to equation (4.9) on the level curves of the stream 
function i|> = ^(x,y). The downstream water surface on 3D3 
will be considered an initial curve to equation (4.9).
Thus ,
It will now be shown that the continuity of V(s) is 
assured by the assumption of subcritical flow (cf. approxi­
mation (3) section 1.3).
Landau and Llfshitz (1959, p. 396) discuss an analogy 
between the variable depth of two-dimensional incompressible 
free-surface flow and the density of plane compressible flow.
streamline if the velocity head ——  an<* water surface Z are
2g
(4.10) Z(x,y) = (€> on 3D3
The plane flow pressure density relationship can be expressed 
in terms of the depth and unit weight of water of.the free 
surface flow by equation (4.2).
The speed of sound for the plane compressible flow cor­
responds to the critical speed Vc of the free-surface flow. 
The speed of sound Vs in compressible flow is the speed at 
which velocity discontinuities in streamlines propagate. Its 
magnitude can be computed from the pressure-density relation­
ship (Pao, 1967, p. 390):
(4.11) V2 =
s dp
where,
p' = pressure for the plane compressible flow,and 
p' = density for the plane compressible flow.
Thus, using the pressure density relationship (4.2) 
the critical speed (V ) for the free-surface flow can be 
computed:
(4.12) V 2 =  . Kd
c d(pd) g
or
li = £
2g 2 ‘
Critical speed in shallow water is the celerity of small 
gravity waves. It is the speed at which velocity discon­
tinuities in streamlines propagate. For steady flows, then, 
a velocity discontinuity in a streamline would be possible
only if the velocity of the channel flow were equal in mag­
nitude to the critical speed. Otherwise the discontinuity 
would propagate and the flow would become unsteady. In a 
steady flow where all velocities are subcritical, disconti­
nuities can be formed only by external disturbances. The in­
tegration of equation (4.3) is thus valid.
The pressure equation (4.9) derived here is identical 
in form to the Bernoulli equation for a streamline. The 
same equation could have been written by simply applying 
Bernoulli's equation to a three-dimensional streamline formed 
by the intercept of the free surface with a two-dimensional 
streamline. It is not known, however, if such a streamline 
on the free surface remains on the free surface when it 
passes through a contraction. The above discussion shows 
that the assumption of such a condition is not necessary. 
Equation (4.9) is valid on any two-dimensional streamline of 
the flow specified in section 1.3.
4.2 Energy Variations Normal to Streamlines
An alternate approach is possible which gives an ex­
pression for the variation in total energy from one stream­
line to another. It is based on the following vector iden­
tity (Pao, 1967, p. 150):
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This expression can be substituted into the depth integrated 
Euler equation (4.1) for two-dimensional steady flows as 
follows:
(4.14) (|>x. cur IV 1  - pd
Using equation (4.6) and rearranging terms results in the 
following equation:
(4.15) V 111 + z
2g
F + V x curl V
g
The quantity on the left is the gradient of the total energy 
E. Taking the scalar product of this equation with unit 
vectors tangent and normal to a streamline at a point on D 
results in the following expressions:
(4.16) 9E _ F and 8_E ^ V x curl V
3s “ g 3n g
The first expression gives the same result as equation (4.9). 
The second expression shows that variations in total energy 
along normals to streamlines must be related to vorticity. 
For irrotational flows there will be no variation and the 
energy surface and stream function will be orthogonal.
4.3 Water Level Contour Maps
Water level contour maps are prepared by sketching the 
level curves of the water surface through plotted points of 
known water level. They are prepared for observed water 
surfaces from high-water marks or for computed water sur­
faces from computed point water levels. The point data is 
frequently scattered; the flow distribution is frequently 
used as a guide to smoothing the data. If the flow distri­
bution is that of potential flow (£(x,y) = 0) the energy sur 
face E = E(x,y) is orthogonal to the stream function (cf. 
equation 4.16) and the energy-surface contours can be 
sketched normal to the observed or computed streamlines. 
Water levels are then obtained by subtracting velocity head 
from the energy surface (cf. equation 4.9).
In general, however, the flow is rotational (? t 0) 
and a more general relationship between the energy surface 
and water-level contours based on the vorticity field 
£ = C(x,y) is necessary.
Data collected by the USGS in Alabama illustrate the 
case of rotational flow. Figure 4.2 shows water levels and 
velocity distributions respectively measured along the down­
stream embankment of bridges at Buttahatchee River near 
Henson Springs, Alabama during the flood of December 19, 
1967, (McCain, 1970). The water levels shown in figure 4.2 
are highest where the velocity head is shown to be great­
est. Since the measurements along the embankment are lo­
cated on a path that is predominantly normal to the
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direction of flow, this increase in energy must be related 
to the vorticity field. Equation (4.16) indicates that 
such a variation in total energy would be impossible in an 
irrotational flow.
Figure 4.4 illustrates the situation schematically.
The flow emerging from the contraction forms a zone of high
velocity bounded by zones of slower velocities. A strip of
high vorticity is formed along the boundary between the
two zones. The sense of the vorticity vector along these
strips is indicated on the diagram. The vector -^n which
3n
is computed from the vector product of the velocity V with 
the vorticity vector w (cf. equation 4.16) is also shown.
The energy surface E = E(x,y) must increase in the live 
stream according to the sense of the vectors shown.
The increase of total energy in the live stream has 
also been observed in laboratory hydraulic model studies 
(Kindsvater, Carter and Tracy, 1953, figure 3, p. 4).
The principle can be applied in the preparation of 
water-level contour maps at bridge sites. Where the vor­
ticity is believed to be small, such as on the open flood 
plains where velocities are small, the level curves of the 
energy surface E = E(x,y) should be approximately ortho­
gonal to the streamlines. Where velocity heads are small 
so that the energy surface E(x,y) approximates the water 
surface Z(x,y), that approximate orthogonality also applies 
to the level curves of the water surface Z “ Z(x,y). Where 
the velocity field V » V(x,y) changes more rapidly, such as
*
O
r-H
fH
0)=Ck£
4>3 4*» ^5 4>S 4*7 ^ 8  4*9
Indicates sense of vorticity and of normal 
derivative of energy surface along streamline
4*i “ %-l = constant i = 2,3,4,....
Figure 4.4 —  Relationship of Energy Surface to Flow Distribution
■p*
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at the edges of a main channel, this approximate orthogo­
nality may not be appropriate and the energy surface should 
deviate from orthogonality with the stream function in the 
sense governed by equations (4.16).
It is not the opinion of the writer that the vorticity 
C = £(x,y) should actually be calculated before level curves 
are sketched through plotted high-water marks. But there 
is a common misconception that such level curves must be 
sketched normal to the direction of flow. Water levels ob­
served from high-water marks or computed by equation (4.9) 
should be used as the primary guide in sketching water le­
vel maps. Equations (4.16) should be used as subjective 
guides where necessary for the purpose of data interpolation 
or extrapolation.
5. NUMERICAL SOLUTION
5.1 Solution Algorithm
The functional dependence of the water surface Z *= Z(x,y) 
on the stream function = ip(x,y) is discussed in section 4. 
The water surface elevations are generated by solutions to 
the pressure equation (4.9) along the family of streamlines
specified by if>(x,y). Let that functional dependence be de-
• (
noted by:
The functional dependence of the stream function 
ip = ^(x,y) on the water surface Z = Z(x,y) is discussed in 
section 3.4. The resistance Cf = Cf[x,y ;Z (x,y)] in equation
(3.13)is dependent on the water level Z * Z(x,y) (cf. equa­
tion 2.7). Let the functional dependence of ^ on Z be de­
noted by:
In order to obtain the stream function ip when the water sur­
face Z is known it is necessary to solve the nonlinear 
partial differential equation (3.13), subject to boundary 
conditions (3.14).
(5.1) Z = Z [ x , y; ip (x ,y) ]
(5.2) ip » ip[x,y ;Z(x,y) ] .
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Consider now the following linearization of equation
(3.13):
(5.3)
-p£(i-D = J_ 
Dt 3x
c f (i-])ll(i-l)l^ 3
d(i-l) 3 x + 9y 3 X
w h e r e ,
cf(i) = cf(i) £x,y ;Z(i) (x,y) ] ,
v(1) = .i. 1M  ± - i M .  j ,
-W  dffi 3y i d(1) 3x ± >
ca) = curl V(i) ,
l(i) = d(i)(x,y) = Z(1) (x,y) - G(x,y),
^i “ Bi_i + A3i ,
8o = 8 1 = 0  ,
R i=kj
A 8 ± R
k = 1,2,3
. 0 i=other »
Z(Q) =» Z^(x,y) = assumed water surface, 
£(o) ° ?(o) " 0 , and
1,2,3
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Thi9 is a general linear "quasi-harmonicM partial dif­
ferential in (Zienkiewicz, 1970, p. 149) if the terras
cf(i-D|V(i-l)|31and are considered known functions
(i~l)
PC(i-l)
Dt
of x and y.
A result of the calculus of variations shows that an 
equivalent problem to that of solving equation (5.3) on D 
subject to boundary conditions (3.14) is that of solving the 
following minimization problem:
(5.4) min $[^^(x,y)]>=
(i)
Icf(i-plV(i-l)lgl
d(i-l)
3 (^d)
3x
3^ CQ 
3y
> - (1-1)
Dt a) dA
subject to boundary condition (3.14a) and (3.14b). Bound­
ary condition (3.14c) is a natural boundary condition for 
the minimization problem and needs no special consideration 
Zienkiewicz (1970 Chapter 10) gives the details for 
solving the minimization problem by the finite element me­
thod. A summary of the numerical procedure is given in 
section 5.2.
Algorithm (5.1)
Equation (5. 3 ) defines sequences of functions
(i) y(i)lji, . (x,y)} and {Z (i) Z(i)(x,y)} generated as fol­
lows :
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1) z(o) “ Z(0)(x,y) an assumed initial water surface. From
initial depths d(Q) and resistances Cf(0) are generated.
2) ipQ) “ (^1) [x,y »Z(0)(x,y) ] is the stream function which
satisfied equation (5.3) subject to boundary conditions
(3.14) using the initial resistance Cf(Q) computed in 
step 1 . 31 = 0 so that V(0) need not be defined.
3) Z(i) = z (i) tx »y »'P (i) (x, y) ] is the water surface generated
by equation (4.9) subject to boundary condition (4.10) 
along the family of streamlines specified by ip (x ,y) .
4) The other terms are generated recursively as follows:
% )  = % ) t x , y  iz (i_1)( x 1y ,Tp(i_]) )] ,
Z (L)= Z(i) [x,y ;ip(j)(x,y) ] , and 
i = 2,3,4,....
Each solution of equation ( 5.3 ) requires the evaluation of 
the magnitude of velocity |v^_^| and material derivative
—--- L based on the previous solution • Tbe relaxa­
tion coefficients R & j^ can be adjusted to improve con­
vergence of the sequence {ip(i)}.
If the sequence (ip^ )) converges, then the stream 
function ip = ip(x,y) and water surface Z = Z(x,y) which 
simultaneously satisfy equations (3.13) and (4.9) subject 
to boundary conditions (3.14) and (4.10) are given by:
ip(x,y) - l^ im lp^Cx.y)
and Z(x,y) = lim Z^(x,y)
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5.2 Finite Element Solution for Flow Distribution
The region D is first subdivided into triangular 
shaped elements and the nodes are numbered consecutively. 
Although this subdivision and numbering is in general ar­
bitrary, the adoption of certain conventions will be found 
convenient and efficient. A division by rows and columns 
is shown schematically in figure 5.1. Let the number of 
rows of nodes be designated by N and let the number of co­
lumns of nodes be designated by M. Let each node be indexed 
by its row and column number respectively designated (I,J). 
In addition to the row-column indexing (I,J) let each node 
have a unique index k assigned to it; that index will start 
at node (1,1) and proceed by rows (the index J incrementing 
more rapidly) from K“1 to k=NM. The coordinates of each
node (x,,y ) can be assigned for each node under the general 
k k
constraint that the triangular geometry of each of the ele­
ments is maintained. This allows great flexibility in 
choosing the general geometry of the boundaries and the size 
of the individual elements. (Figure 5.1) is intended to 
show the indexing and subdivision shemes only. The speci­
fic locations of the nodes is much more general as will be 
illustrated by example problem later.
Let the elements be designated by the k-indeces of their 
nodes i,j,m and alternatively by a unique index e analogous 
to the k-index for the nodes. The total number of elements 
E will be given by E » 2(N-1)(M-1).
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Figure 5.1 —  Indexing Scheme for Finite 
Element Grid System
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Each of the functions (1-1) t an£j
Dt
cf (1-1)1V (1-1) | (cf. equation 5.3) are then approximated 
d(i-l)
by linear functions defined by nodal values at the nodes of 
the elements and by linear interpolations of the nodal 
values on the interiors of the elements. For the general 
function <J> = <f>(x,y) we have on the element e defined by the 
nodes i, j and m:
(5.5) <k “ ctx + a2x + a3y .
Values for a z, a2, and a 3 can be obtained by substituting 
the nodal values (f>^ , <J)j, and (j^along with their respective 
coordinate values (x^,y^) , (x^y^) and (xm »ym) indivi­
dually into equation (5.5). The resulting system of three 
simultaneous equations can then be solved for dj, a2, and a 3 
The resulting expression for <f>e is given by Zienkiewicz 
(1970, equation 3.5, p. 27):
where,
(a^ + b±x + c ^ f a  + (a^ + b^x + c^y)<^
+  (am +  bm x +  cm y)(V
“ x,y„ - x y . .i m m i *
bi " y± " Vm>
ci " xm “ xj » and
5 0
1 x i
2A ■ det 1
xj yj
1 Xm
The other coefficients are obtained by cyclic permutation 
of the subscripts in the order i, j, m.
Expressions for the gradient and for the partial deri­
vatives of the functional (5.4) with respect to the nodal 
values t|>j,andi|>m are obtained for the element e by di­
rect operation on (5.6). Using the results from Zienkiewicz 
(and specializing for the present problem):
(5.7)
(VilO
i ’ bi ^
bm
ss
2 A <3
=i °) cmm *m
= (vi - uj) d ,
and
3$e
9^i
(hff, h±j , hlm) LiF
 
\£r
1
- DC
Dt
laf
3
> _
» 4
where,
h.rs
cflil
4 |4| <brbs + crcs>, and
r,s - i , j ,m
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The subscript e specifies that the quantity is asso-
ciated with a particular element ijm. |^ -kj was here con-
'e
sidered constant on the individual element ijm. It may 
assume different values from one element to another.
The minimization of $ requires that 
r. Thus from equation (5.7):
vanish for all
(5.8) 90
3^r
E NxM E
° “ I I hr8*s + I
e s e
RL
Dt
and
r — 1,2,3, (NxM)
The index s ranges over all of the nodes and the.index
e ranges over all of the elements. The subscript r on the
last term indicates that only those elements intersecting
node r will be included in the summation. Equations (5.8)
result in a system of simultaneous equations; there will be
one equation for each node and there will be one unknown ijja
at each node. By proper numbering of the grid elements the
coefficient matrix of the resulting system of simultaneous
equations will have a banded structure. It will also be
symetric since h„ = h„ for all s and all r by equationsrs 8 r
(5.7) .
Boundary conditions (3.14a) and (3.14b) are formally 
specified by special equations:
(5.9) ■ i p on 3D1
ifj. » ip2 on 9D2 •
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These equations then replace the rth equations in system
5.3 Numerical Solution of the Pressure Equation
Consider a channel segment 3S along a two-dimensional 
streamline limited to one element e of the finite element 
grid system. Assume that the stream function is a known 
function of x and y and that the water-surface elevation Z(s) 
is known at a point s on the streamline. Since 3S is li­
mited to the element e, the discharge per unit width is con­
stant along 3S and is given by the magnitude of the gradient 
of the stream function |V^|.
The water surface Z «* Z(x,y) will be computed through 
an application of the pressure equation (4.9) on the stream­
line segment as follows:
(5.8).
(5.10)
where the head loss due to friction hj is given by.:
rs+As
hf
s
The values of the terms on the left are known. The left 
side of the equation represents the total energy at s which 
will be denoted by E(s).
An application of the mean value theorum for integrals
can be used to evaluate h^ as follows:
(5.11) hf = I As
g
where F is a value of F(s) on the closed interval [s,s+As] 
A convenient approximation for F is the geometric mean of 
F(s) and F(s+As),
F = /f (7) F(s+As)
Using equation (2.1) to compute the magnitude of friction
force F, the above geometric mean results in the following
expression for head loss due to friction:
(5.12) hr = n(s) n(s+As)
1.49 d% (s) 1.49 d5/3(8+As)
W )2
or
hf -
d^3(s+As )
where A^ is a constant defined in terms of known quantities 
n(s), n(s+As), d(s+As) and |V^| as follows:
A o l ( £ )n(B+As) (V\l))2
U . 49) l d * ( s >
(>0
The velocity head at (s+As) can also be expressed as a 
function of d(s+As):
2
(5.13) h (s+As) =----- -------
v 2gd2 (s+As)
or
h (s+As) =  ^ -
V d2 (s+As)
where the constant B is defined in terms of known quanti-v
ties as follows:
B = W >2 
v 2g
Finally the water surface at (s+As) can be expressed as a 
function of depth by the equation:
(5.14) Z(s+As) = G(s+As) + d(s+As)
where the ground surface G(s+As) is given data. Substi­
tuting into equation (5 .10) and rearranging terms results 
in the following equation:
(5.15) d(s+As) » E (s) - — tl------- ----
d^(s+As) d2 (s+As)
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This algebraic equation can be solved for d(s+As). 
The water surface at (s+As) can then be computed from 
equation (5.14).
5.4 Computed Vorticity on Finite Element Grid
The vorticity £ is related to the stream function as 
follows:
curl V = curl 1 "I!'
d 3y » 3x 
» *
= + V (-j) xVda a —
A convenient expression for the Laplacian of the stream 
function can be obtained by applying Gauss1 theorum to the 
vector lpViJj as follows:
(5.17) ^Vi^*nds =
3A
[ (V\p)2 +  i|>V2i|;]dA .
JA
Rearranging terms results in the following expression:
(5.18) ipV ipdA ifjM-ds - 
3n
3A
The above form is particularly useful for calculating the 
Laplacian on an element of a linear finite element grid.
The terms on the right involve only first order derivatives
which can be evaluated by equation (5.7).
The average vorticity ?e on the element e can now be
expressed as follows:
(5.19)
(VtfO 2 I A | - ^Mds
3n
3e
A I d
[7(I)xVd]£ cons tant
where,
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6. SEPARATION
6.1 General
Separation refers to a discontinuity in the velocity 
field V, = V(x,y) between two dajacent streamlines. Such 
discontinuities along streamlines do not propagate since no 
velocity componants are formed. The velocity V_ = \f(x,y) 
along all streamlines in the velocity field may still be 
cont inuous.
Separation frequently occurs just downstream from a 
contraction forming a live stream (sometimes referred to in 
th e literature as a "jet” (Laursen, 1970, p. 1021)) and a 
stagnation zone (sometimes referred to as an "eddy zone" 
since the fluid mass rotates very slowly in the form of a 
large eddy (Kindsvater, Carter and Tracy, 1953, p. 5)).
Figure 6.1 illustrates such a separation. The region 
D discussed in section 1.3 above is here subdivided into a 
live stream zone L and a stagnation zone S. The line of 
separation between them is designated 3S^ = 3L 0 3s. The 
velocity field on S is taken as zero. No fluid crosses 
the boundary of the stagnation zone 3S. The live stream 
zone L can be considered analagous to the original zone D 
of section 1.3 with 3S^ a solid boundary. The differences 
between zone L of the present discussion and zone D are:
1) the location of 3S^ is not known in advance, and 2) the 
non-solid boundary 3S^ will not support a discontinuity in 
pressure between zones S and L.
3D,
Point of 
Separation
S tagnation 
Zone SLive Stream L
V=0
3D
Free streamline 3S
Point of 
Reattachment R
3D
x
Figure 6.1 -- Schematic Diagram for Free Boundary 
Problem on Flow Separation
If such a condition existed in a physical problem the 
velocity discontinuity would generate large viscous forces 
along the line of separation. These viscous forces would 
impart some small momentum to the fluid in the stagnation 
zone causing the latter to move slowly in a rotational pat­
ter n . There would be no interchange of fluid between 
zones L and S, however, and the average velocity of the cen­
ter of mass of the fluid in zone S would be zero.
The viscous forces referred to above that would cause 
the rotational motion of zone S have been neglected through­
out the formulation of this mathematical model (cf. approxi­
mation (4) section 1.3). The fluid in S will, therefore, be 
considered stagnant in further discussions.
The depth integrated average pressure field P = P(x,y) 
(cf. equation 4.2) cannot be discontinuous at a non-solid 
boundary. Such a discontinuity would require external forces 
to maintain the conservation of momentum stated by equation 
3.10. Since the fluid in zone S is stagnant, the depth in­
tegrated average pressure gradient VP of equation 4.1 
must vanish. It follows that the water surface Z = Z(x,y) 
on S must be constant. (Even in the physical problem the 
stationarity of the center of mass of the fluid S leads to 
the conclusion that the water-surface elevations on S are 
approximately constant).
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Since there can be no discontinuity in pressure on 3Sj. 
and the pressure on S is constant, there can be no pressure 
variation on the non-solid boundary 3S^. This provides the 
following additional boundary condition necessary to locate 
3Sf :
(6.1) Z(x,y) = Z on 3Sf USs
where,
Z = constant water-surface elevation on S. 
s
Consider now the effect of a small perturbation in a 
free streamline 3S^ which initially satisfies condition
(6.1). Let any pressure differential generated along 3S^
be supported by a hypothetical thin solid barrier along 3Sf. 
Such a barrier would have no effect on the initial condition 
since the pressure would be the same on both of its faces 
and there is no flow between zones S and L across 3Sj. Let 
the perturbations be small enough that they do not signi­
ficantly change the flow distribution or velocity field on 
L.
Consider first perturbing 3Sf by moving R toward the 
embankment along the solid boundary as shown in figure (6.2). 
Such a perturbation would cause an increase in water level 
on S since R would be further upstream along the streamline 
on the solid boundary and the friction loss along that 
streamline betw$£ii R and the downstream water-level control 
(cf. equation 4.10) would be increased. The increase in
y3 S
Perturbed 3S
Figure 6.2 -- Schematic Diagram Showing
Perturbation of Free Boundary
water level on S would cause a differential pressure force 
on the solid barrier that would tend to move it toward its 
initial position. If the barrier were moved in the oppo­
site direction the water level would decrease on S causing 
a pressure force on the barrier that would tend to move it 
toward its initial position. The barrier will, therefore, 
be in stable equilibrium when it is on 3Sf.
This argument implies that the path 3Sf is a one para­
meter function of the position of R on the solid boundary 
3D; the question of uniqueness for general shapes of 9S^ is 
not easily resolved particularly for rotational flows af­
fected by friction.
6.2 Necessary Condition for Existence of Separation
Condition (6.1) provides a basis for the formulation 
of a necessary condition for the existence of separation. 
Since the water surface on 3S^ cannot vary, equation (4.9) 
reduces to the following expression:
(6 .2)
2g — ds = B(i^ ) - Z = constant on 3Sf g s r
Equation (6.2) specifies that any change in velocity head 
between any two points on 3S^ must be balanced by the head 
loss due to friction on 3S^ between the two points. This 
condition can be applied to the two points C and R on 3S^ 
which represent the abutment of the bridge opening and the
point of reattachment respectively (see figure 6.1 as fol­
lows :
fR
(6.3)
—ds 
gCR
C
or
The term on the left will be referred to as the kinetic 
energy excess since it represents the quantity of kinetic 
energy that will be dissipated by friction loss on the free 
streamline.
Equation (6.3) implies a necessary condition for the 
existence of separation downstream from a bridge abutment: 
the kinetic energy excess in the two-dimensional streamline 
at the abutment must exceed the head loss due to friction 
on that streamline between the point of separation C and 
the point of reattachment R.
If the kinetic energy excess at C is less than the 
head loss due to friction on 3S^ then the water-surface 
elevation at C must exceed the water-surface elevation Zs
on S. This follows from the pressure equation (4.9). If 
such a condition characterizes every choice of the free 
streamline 3S^ then there will be no separation. The 
streamline passing through the point C at the abutment will 
follow the downstream side of the embankment and continue
along the solid bank 3D^ or
Separation will not occur if the channel resistance
is very large in the expansion region just downstream
from the contracted section. In such cases the head loss due
to friction will be large along all possible choices for
9s^. There will be little possibility for the kinetic
energy excess (Ah) to be greater than (hf) . Even if
C R £ C R
the discharge Q is increased, the basic relationship be­
tween kinetic energy excess and head loss due to friction 
will be unchanged since both are proportional to velocity 
head (cf. equation 2.1). Only if the discharge is in­
creased to the extent that the channel resistance 
Cf = Cf [x,y ;Z(x,y)] (cf. equation 2.7) is affected through 
a change in water level Z = Z(x,y) on D will conditions 
necessary to the existance of separation be changed.
Channel resistance C^ will usually be the determing factor.
7. EXAMPLE PROBLEMS
7.1 The Computer Program
Algorithm 5.1 has been programmed for the IBM 360 
model 65 computer at Louisiana State University.
The finite element grid described in section 5.2 (cf. 
figure 5.1) is defined by the x and y coordinates of each 
node. The nodes are indexed by the row-column index 
designation (I, J) described in section 5.2. The k-index 
is assigned and used internally.
The ground-surface elevation G and Manning roughness 
coefficient n for each node are input to the program. The 
grid nodes J = 1 are placed on the solid boundary 3D2 of 
the region D described in section 1.3 (cf. figure 1.4). 
Likewise, the grid nodes J = M are placed on the solid 
boundary 3Dj and the grid nodes 1 = 1  and I = N are as­
sumed to lie on the downstream and upstream flow boundaries 
3D3 and respectively. The stream function values at
the nodes J = 1 are set to t/>2 and those at nodes J = M are 
set to \j 1 (cf. equations 5.9). The values of and ip2 
specify the total discharge Q (cf. equation 3.15). Down­
stream water-surface elevations (cf. equation 4.10) are 
specified at nodes 1 = 1 .
Algorithm 5.1 is then executed with these input data.
7.2 Flow Throu £*L_ an Expansion —  Example Free Streamline 
Problem
Flow through an expansion with separation as shown In 
figure 7.1 Is an example of a free streamline problem. The 
flow separates at the corner C into a live stream zone L 
and a stagnation zone S where the common boundary 
9S^ = 3L H 3s is the free streamline (cf. section 6.1).
The geometry of the free streamline is specified as 
a one parameter function of the location of the point of 
reattachment R. The point of reattachment R is then ad­
justed until the necessary condition (6.3) for separation 
is satisfied.
The expansion dimensions are parameterized as follows 
(see figure 7.1):
1) y = distance of point of reattachment R measured
R
from expansion,
2) x = the difference between the width of the ex-
e
panded section and the width of the con­
tracted section, and
3) n = hydraulic roughness (constant over entire
region ) .
The results of the model study are summarized in table
7.1. After each of the trial computer runs the head loss
due to friction on the free streamline (h ) is compared
f CR
to the kinetic energy excess on the free streamline (Ah )
® * CR
If the head loss due to friction on dS^ is found to exceed
| ^  500 ft
Point of
Separation C
Stagnation 
Zone S
V=0
Live Stream Zone L
n°constant
G=300 feet
Free >
Streamline 9S
Point of 
Reattachment R
WS = 310 feet
Figure 7.1 —  Schematic Diagram for Flow through
Expans ion
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Table 7.1
Flow through Expansion -- Example 
Summary of Results
Problem
ase No. xe n yR (Ahv)CR *hf*CR
|3Sf | Comment;
1 300 0.05 400 .097 .115 516 Long
2 300 0.05 350 . 103 . 106 477 OK
3 300 0.05 300 . Ill .096 440 Short
4 500 0.05 450 . Ill . 133 5587 Long
5 500 0.05 400 .111 . 128 685 Long
6 500 0.05 350 . 121 . 112 629 Short
7 500 0.05 250 . 130 . 121 590 Short
8 1000 0.05 300 . 281 . 113 1079 Short
9 1000 0.05 600 . 164 . 125 1209 Short
10 500 . 125 150 . 144 .579 538 Long
the kinetic energy excess on 3S£ the entry in table 7.1 
is marked "long" and the length of the free streamline 
J 9S^. | is decreased on the next computer run by decreasing 
y , thereby moving the point of reattachment R farther up- 
stream. If the kinetic energy excess is found to exceed 
the head loss due to friction, the entry is marked "short" 
and |9S^| is increased on the next run by increasing yR , 
thereby moving R farther downstream. The trial and 
error process is terminated when condition (6.3) is ap­
proximated .
Cases 1, 2, and 3 represent a ratio of expanded sec­
tion to contracted section of 8/5 (x = 300 feet). Thee
head loss due to friction is greater than the kinetic
energy excess for case 1 ; the length of the free streamline
|9S^| is consequently designated as too "long" and yR is
changed to 300 feet (case 3) . For y_, = 300 feet the
length of the free streamline | 9S^ | is decreased from 516
feet (case 1) to 440 feet (case 3); the kinetic energy
excess is found to exceed the head loss due to friction
for case 3 and (9S^| is marked too "short". Finally an
intermediate value for y (350 feet) is chosen (case 2)
R
and the head loss due to friction on is found to be
approximately equal to the kinetic energy excess on 3S£. 
Condition (6.3) is approximated and case 2 for which the 
length of the free streamline is 477 feet is marked "OK" 
for an expansion ratio of 8/5 (xfi = 300 feet). The
76
procedure is, therefore, terminated.
In order to investigate the hypothesis that the chan­
nel resistance is the determining factor for the existance 
of separation, the width of the expanded section was in­
creased while holding the hydraulic roughness constant.
Cases 4, 5, 6, and 7 represent an expansion ratio of 
2 (xe = 500 feet). Condition (6,3) is approximated for 
y =; 375 feet (cases 5 and 6). Thus separation can exist 
for expansion ratios of 8/5 and 2 when the hydraulic rough­
ness is held to n = 0.05.
Even when the expansion ratio is increased to 3<(xe =
1000 feet) the kinetic energy excess can still dominate 
the head loss due to friction on the free streamline (cases 
8 and 9).
Only by increasing the hydraulic roughness (case 10) 
can a case be found for which head loss due to friction 
exceeds the kinetic energy excess for all choices of the 
free streamline 9S^. It is, therefore, concluded that 
hydraulic roughness is an important parameter in deter­
mining existance of separation. More generally the chan­
nel resistance C^(or conveyance) is probably the most 
important parameter since variations in the channel depth 
could also change the relationship between velocity head 
and friction stress along the free streamline (cf. 
equation 2 .1).
7.3 Bridge Site Analysis for Tallahala Creek at State 
Highway 528 Near Bay Springs, Mississippi 
7.3.1 Flood of April 14, 1969
The computer program described above (section 7.1) 
was used to simulate the flood of April 14, 1969, at 
Tallahala Creek at State Highway 528 near Bay Springs, 
Mississippi. The site is a USGS gaging station; a site 
map is shown in figure 7.2. A discharge measurement was 
made at a gage height of 311.28 feet above mean sea level; 
the measured discharge was 9,780 cubic feet per second 
(cfs). The flood crested at a gage height of 311.97 feet 
above mean sea level and the peak discharge was determined 
from the station rating to be 12,500 cfs.
The values of predicted fall Ah and predicted back­
water for the flood were calculated by the writer ac­
cording to the USGS technique (USGS, 1955) and the BPR 
technique (BPR, 1970). For the USGS technique the pre­
dicted backwater would be 0.240 feet and the predicted 
fall Ah would be 0.460 feet. For the BPR method the pre­
dicted backwater would be 0.299 feet and the predicted 
fall would be 0.510 feet. Figure 7.3 shows a backwater 
of 1.5 feet and a fall Ah of 0.90 feet. The normal water 
surface profile shown on figure 7.3 was determined by step 
backwater calculations (Anderson and Anderson, 1964); 
the cross sections that would have existed in the natural 
channel had the embankment not been in place were estimated.
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Flood of April 14, 1969
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Neither the normal water-surface profile nor the backwater 
can he measured objectively; only the fall Ah is subject 
to objective measurement (cf. section 1 .2 .2).
The values of predicted backwater are smaller than 
the values for predicted fall. This condition will always 
exist since currently used empirical techniques are based 
on weir formulae for prismatic channels. Such one­
dimensional mathematical models can lead only to the con­
clusion that water levels will be above normal upstream 
from the weir and below normal downstream from the weir; 
a weir in a one-dimensional flow field cannot raise down­
stream water levels.
Figure 7.3 shows above normal water levels downstream 
from the contraction as well as a value for backwater 
that is greater than the value for fall Ah. Increased 
velocities and increased lengths of streamlines in the ex­
pansion zone just downstream from the contraction can cause 
this above normal water level downstream from the con­
traction at least along the channel centerline. This is 
true particularly for heavily vegetated flood plains where 
separation does not exist (cf. section 6 .2) and the stream­
lines are greatly lengthened by the contraction. Head loss 
due to friction along the longer streamlines with higher 
velocities and high hydraulic roughness will cause great 
friction loss in the expansion zone.
The USGS surveyed high-water marks and ground ele­
vations at ten cross sections of the valley after the 
flood. The locations of the surveyed cross sections are 
indicated on the water-level profiles in figure 7.3. The 
USGS field party also made estimates of the hydraulic 
roughness (Manning n-values) (cf. section 2).
The surveyed data is not detailed enough for the pre­
sent study. Only five cross sections were taken in the 
study reach (see figure 7.3). The data was extended on 
the basis of USGS topographic maps and aerial photographs 
to obtain roughness coefficients and ground elevations for 
the entire study region. These estimates as well as the 
field estimates of roughness are very sensitive to human 
j udgement.
Since the data are incomplete, the results of this 
analysis are inconclusive for purposes of field verifi­
cation of the theory set forth in this dissertation. The 
USGS is currently collecting flood data at bridge sites in 
Louisiana, Mississippi, and Alabama in cooperation with 
State Highway Departments and the Bureau of Public Roads 
for the purpose of such verification. It is anticipated 
that the USGS will use this model for verification and 
calibration in conjunction with the data collection pro­
gram.
Figure 7.2 shows the site and the finite element grid 
system that was fitted to it. Each of the quadrilateral
elements shown were divided into two triangular elements 
according to the scheme discussed in section 5.2 and 
illustrated in figure 5.1. The row and column (I,J) in­
dexing are shown on figure 7.2. The major roughness pat­
terns are also indicated on figure 7.2. The hydraulic 
roughness of the wooded areas shown were assigned Manning 
n-values ranging from n = 0.125 to n = 0.250 by the survey 
party. The highest hydraulic roughness that was field 
calibrated by Barnes (1967) is n = 0.075; the writer knows 
of no field calibration of hydraulic roughness in the 
range n = 0.125 to n = 0.250. Ground-surface elevations 
can be read from the contours of the site map in figure 7.2.
Detailed ground elevations determined at each of the 
grid nodes by using the topographic map, aerial photo­
graphs, and the surveyed cross sections are tabulated in 
table 7.2. The tabulated values may be located on figure
7.2 by the row and column (I,J) indeces.
Values for hydraulic roughness were increased by ten 
percent at the nodes corresponding to the solid boundaries 
8Dj and 3D2 (cf. figure 1.4) in order to account for the 
increased wetted perimeter at the edges of the region D.
The hydraulic roughness at nodes (1=18, J=l) and (1=18, 
J=16) were set to 10.000 in order to simulate the effects 
of spur dikes located on the upstream side of the embank­
ment .
Preliminary calculations using values of hydraulic
TABLE 7.2
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
GROUND SURFACE ELEVATIONS 
(FEET ABOVE MEAN SEA LEVEL)
I J=1 J = 2 KNII J = 4 C_ II J = 6 J = 7 C- II 00 J=9 oII*3 J=ll J=12 J = 13 J=1A J=15 J = 16
31 309.40 309.40 309.10 309.20 309.20 309.20 309.60 308.40 308.40 308.40 308.60 308.60 309.00 309.20 310.00 310.20
30 309.40 309.40 309.10 309.20 309.20 309.20 309.60 308.40 308.40 308.40 308.60 308.60 309.10 309.40 310.00 310.20
29 309.00 309.00 309.00 309.00 309.00 309.00 308.40 308.40 308.40 308.60 308.80 309.00 309.00 309.50 309.50 309.50
28 309.00 309.00 309.00 309.00 309.00 309.00 308.40 308.40 300.00 308.80 309.00 309.00 309.00 309.50 309.50 309.50
27 309.00 309.00 309.00 309.00 309.00 308.40 308.40 300.00 308.40 308.40 309.00 309.00 309.00 309.50 309.50 309.50
26 308.60 308.60 308.60 308.60 308.60 308.60 308.40 300.00 309.00 309.00 309.00 309.00 309.00 309.50 310.00 310.00
25 308.40 308.40 308.40 308.40 308.40 308.40 308.40 300.00 300.00 300.00 308.00 308.00 308.80 308.80 309.40 310.00
24 308.40 308.40 308.40 308.40 308.40 308.40 308.40 30B.40 307.00 300.00 300.00 307.00 307.80 307.80 308.80 308.80
23 308.40 308.40 308.40 308.40 308.40 308.40 308.40 308.40 305.60 30S.60 300.00 300.00 306.80 306.80 306.80 306.80
22 310.00 308.40 308.40 308.40 308.40 308.40 308.40 308.40 308.40 308.40 300.00 300.00 305.60 305.60 306.20 306.20
21 308.00 308.00 306.40 304.00 304.00 304.00 304.00 304.00 304.00 304.00 300.00 300.00 304.40 305.60 305.60 305.60
20 306.00 306.00 306.00 306.00 306.00 306.00 306.00 304.30 304.30 304.30 300.00 300.00 304.30 304.30 304.60 304.70
19 306.00 306.00 304.40 300.00 300.00 300.00 300.00 298.00 298.00 300.00 300.00 304.40 304.40 304.40 304.70 304.70
18 300.00 298.00 298.00 300.00 300.00 300.00 300.00 304.40 304.40 304.40 304.40 304.40 304.40 304.40 304.60 304.60
17 302.00 300.00 298.00 298.00 298.00 302.00 306.00 306.00 306.00 306.00 306.00 306.00 306.00 306.00 306.00 306.00
16 300.00 300.00 298.00 298.00 298.00 300.00 300.00 300.00 304.40 304.40 304.40 304.40 304.40 304.40 304.40 304.40
15 299.90 299.90 299.90 299.90 299.90 299.90 299.90 304.40 304.40 304.40 304.40 304.40 304.40 304.40 304.40 304.40
14 306.00 298.00 298.00 298.00 298.00 298.00 305.00 305.00 304.50 304.50 304.40 306.00 307.50 307.80 308.00 308.00
13 306.80 297.90 297.90 297.90 297.95 305.00 305.00 305.40 305.00 304.50 304.50 304.50 308.00 308.00 307.80 307.80
12 308.80 302.00 302.00 302.00 302.00 297.80 301.00 304.50 304.50 304.50 305.00 308.00 306.00 306.00 306.00 306.00
11 308.80 305.70 305.70 305.70 305.50 297.80 301.00 302.00 304.50 304.70 308.00 306.00 306.00 306.00 305.80 305.80
10 308.80 305.60 305.60 305.60 305.40 305.20 305.00 304.60 304.60 308.00 306.00 306.30 306.30 306.00 306.00 306.00
9 308.80 305.50 305.50 305.50 305.25 303.00 303.00 303.00 303.00 308.00 306.30 306.30 306.30 306.30 306.40 306.40
00LO
TABLE 7.2 CONTINUED
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
GROUND SURFACE ELEVATIONS 
(FEET ABOVE MEAN SEA LEVEL)
I d = l J=2 d = 3 J = t» J = 5 J=6 J = 7 c. II 00 c. II to c. II M o d = ll d=12 c. II H J=15 d=16
B 308*60 304.75 304.75 304.75 304.63 304.50 301.00 301.00 303.00 305.20 306.00 306.30 306.30 306.30 306.80 306.80
7 308.80 308.80 306.80■ 304.SO 304.50 304.50 305.50 305.50 305.50 305.50 306.00 306.20 306.30 306.30 308.00 308.00
6 305.20 304.40 304.20 304.00 304.50 306.00 305.50 305.50 300.00 305.50 305.50 306.00 307.20 307.80 308.20 308.60
S 304.00 304.00 304.00 305.00 305.00 305.50 305.50 300.00 305.50 305.50 305.50 307.20 307.20 307.20 307.20 307.20
4 305.00 305.00 305.00 305.00 305.00 305.00 300.00 305.00 305.00 305.00 305.00 305.00 306.40 306.40 306.40 306.40
3 306.00 306.00 305.00 305.30 305.00 300.00 305.00 305.00 305.00 305.00 305.00 305.70 306.40 306.40 306.40 306.40
2 306.50 306.00 306.00 306.00 305.00 300.00 305.00 305.00 305.00 304.20 304.00 304.00 304.00 304.00 305.20 306.40
1 305.50 305.50 305.50 306.00 305.50 300.00 304.50 304.40 304.40 304.40 304.00 304.00 304.00 303.80 304.50 305.00
CD■e*
roughness based on the estimates of the survey party re­
sulted in an average computed water level at cross sec­
tion 8 of 314.3. The actual water-surface profile in 
figure 7.3 shows a water level of 313.9 at cross section 8 . 
It was found that by multiplying all of the roughness 
coefficients by 0.80 the correct water level at cross sec­
tion 8 could be computed. The adjusted roughness coef­
ficients were used for all further calculations; they are 
tabulated for each node of the finite element grid in 
table 7.3. The tabulated values can be located on the 
site map of figure 7.2 by the row and column (I,J) indeces.
The computed results are tabulated for the nodes of 
the finite element grid system in tables 7.4 and 7.5.
The computed water levels are tabulated in table 7.5 and 
the computed normalized stream function values are tabu­
lated in table 7.4. The actual stream function values are 
obtained by multiplying the tabulated values by the total 
discharge 12,500 cfs. The normalized values are convenient 
for studying the distribution of flow since they can be 
read directly as fractions of the total discharge.
Figure 7.4 shows the computed two-dimensional flow 
distribution and a water-level contour map prepared from 
the computed water levels tabulated in table 7.5. The 
water-level contours were sketched according to the pro­
cedure discussed in section 4.3. Where the flow distri­
bution is approximately irrotational the contours were
TABLE 7.3
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 14, 1969 
HYDRAULIC ROUGHNESS COEFFICIENTS 
(MANNING N-VALUES)
I U=1 0=2 0=3 d = A 0=5 0=6 0=7 0 = 8 J=9 C_ II o J=1 1 J= 1 2 J= 13 0 = 15 J = 16
31 0*176 0.160 0.160 0.160 0.160 0.160 0.160 0.096 0.096 0.096 0.120 0.120 0.144 0. 160 0.032 0.035
30 0.176 0.160 0.160 0.160 0. 160 0.160 0.160 0.096 0.096 0.096 0.120 0.144 0.144 0.160 0.032 0.035
29 0.176 0.160 0.160 0.160 0.160 0.160 0.160 0.096 0.096 0.120 0.120 0.144 0.160 0.160 0.032 0.035
28 0.176 0.160 0.160 0.160 0.160 0.160 0.096 0.096 0.096 0.120 0.144 0.144 0. 160 0.032 0.032 0.035
27 0.176 0.160 0.160 0.160 0.160 0.160 0.096 0.096 0.120 0.064 0.032 0.032 0.032 0.032 0.032 0.035
26 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.032 0.032 0.032 0.032 0.032 0.032 0.032 0.032 0.035
25 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.048 0.048 0.048 0.032 0.032 0.032 0.032 0.032 0.035
26 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.048 0.048 0.032 0.032 0.032 0.032 0.035
23 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.132
22 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.132
21 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 ' 0.120 0.132
20 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.132
19 10.000 0.120 0.120 0.048 0.048 0.048 0.048 0.048 0.048 0.080 0.080 0.080 0.080 0.080 0.120 10.000
18 0.034 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.034
17 0.038 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.038
16 0.038 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0. 035 0.035 0.035 0.038
15 0.03S 0.040 0.040 0.040 0.040 0.056 0.056 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0. 176
14 0.035 0.040 0.040 0.040 0.040 0.056 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0.176
13 0.035 0.040 0.040 0.040 0.040 0.056 0.056 0.056 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0.176
12 0.035 0.040 0.040 0.040 0.040 0.056 0.056 0.160 0.160 0.160 0.160 0.160 0. 160 0. 160 0.160 0.176
11 0.035 0.040 0.040 0.040 0.040 0.056 0.056 0.056 0.160 0.160 0.160 0.160 0.160 0. 160 0.160 0.176
10 0.035 0.040 0.040 0.040 0.040 0.071 0.071 0.160 0.160 0.160 0.160 0.160 0.160 0. 160 0.160 0.176
9 0.035 0.040 0.040 0.040 0.040 0.120 0.120 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0.200 0.220
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TABLE 7.3 CONTINUED
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 19, 1969 
HYDRAULIC ROUGHNESS COEFFICIENTS 
(MANNING N-VALUES)
J=1 J = 2 C_ II J=9 J = 5 J=6 J=7 C- II CD J=9 J=10 J=ll J = 12 J=13 J=19 J=15 J=16
s 0.035 0.040 0.040 0.040 0.040 0. 120 0.106 0.106 0.160 0.160 0.160 0.160 0.160 0.200 0.200 0.220
7 0.035 0.032 0.032 0.032 0.160 0.120 0.120 0.160 0.160 0.160 0.160 0.160 0.177 0.200 0.200 0.220
6 0.078 0.035 0.032 0.160 0.120 0.120 0.120 0.120 0.120 0.160 0.160 0.160 0.200 0.200 0.200 0.132
S O.OBB 0.080 0.160 0.160 0.120 0.120 0.120 0.120 0.160 0.160 0.160 0.177 0.200 0.200 0.120 0. 132
4 0.101 0.142 0.160 0.160 0.120 0.120 0.120 0.160 0.160 0.160 0.160 0.200 0.200 0.142 0.120 0.132
3 0.106 0.200 0.200 0.191 0.144 0.056 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.040
2 0.106 0.200 0.200 0.144 0.144 0.048 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.040
1 0.106 0.096 0.200 0.144 0.144 0.048 0.048 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.040
00
TABLE 7.4
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 14, 1969 
COMPUTED FLOW DISTRIBUTION 
(COMPUTED NORMALIZED STREAM FUNCTION)
I
HII"5 J=2 C_ II 0 = 4 J = 5 J = 6 J = 7 c_ II 00 J=9 J = 10 J=ll J= 12 c_ II *-* G. II M •T J= 1 5 J=16
31 0.000 0.023 0.050 0.079 3. 108 J. 137 0.171 C.230 0.302 0.383 0.472 0.543 0.615 0. 659 0.733 1.000
30 o.ooc 0.01 i 0 • 046 C .082 0. 108 0. 134 0.176 C.215 0.299 0 .383 0.469 0.548 0.618 G. 606 0. 759 1.000
29 0.000 0.024 0.046 0.063 0.120 0. 156 0. 193 0.26_> 0.347 0.424 0.51 1 0.592 0.651 0.701 0.778 1.000
26 0.000 0.029 0 % 05 i C.097 0.134 0. 174 0.230 0. 301 0.410 0.493 C.568 0.630 0.673 0.71 1 0.864 1.000
27 C.000 0.03G o.:69 0.138 5.146 0.202 0.261 C.360 0.444 0.521 0.608 0.679 0.724 0.806 0.918 1.000
26 0.000 0.039 0.061 C.12S 0.176 0.231 0.295 C.362 0.47a 0.547 0.671 0.754 0.813 0.887 0.944 l.COO
2b 0.000 0.045 0.099 0.145 0. 199 0.256 0.306 C.361 0.451 0.597 C .688 0.757 0.817 0.8 74 0.937 1.000
24 0.000 O.OS1 0.117 0.171 0.220 0.285 0.327 0.382 0.438 0.513 0.660 0.766 0.812 0.879 0.938 1.000
23 -0.000 0.C6C 0.1 17 0. 176 0.228 0.290 0.336 0.380 3.435 0.531 0.592 0.738 0.601 0.867 0.950 1.000
22 0.000 0.044 C.116 0.181 0.242 0.29/ 0.336 G.37B 0.420 0.477 C.565 0.739 0.785 0.843 0.945 1.000
21 0.000 0.02/ 0.C98 0.17*3 0.239 0.293 C • 33 J C. J72 0.406 0.455 0.542 0.695 0.805 0.845 0.924 1.000
20 o.oco 0.001 0 . 08o 0.147 0.220 0.269 0.327 0. 362 0.425 0.499 0.585 0.740 0.833 0.882 0.934 1.000
19 0.000 0.001 G.C57 0.119 3.164 0.234 0.305 0.365 0.428 0.511 0.620 0.713 0.829 0.902 0.997 1.000
18 0.000 0.000 0.060 0. 106 0.277 0.422 0.512 0.575 0.622 0.668 C.711 0.755 0.811 0.872 0.924 1.000
17 0.000 0.079 0. 184 0.266 0.416 0.330 0.590 0.638 0.680 0.722 0.761 0.803 0.847 0.896 0.947 I.000
16 0.000 0.145 0. J07 0.426 0. 335 C .631 0.685 0.746 0.769 0.795 0.823 0.853 0.882 0.915 0.938 1.000
lb 0.000 0.095 0. 192 0.306 0.427 0.529 0.700 0.755 0.794 0.827 0.866 0.904 0.934 0.955 0.973 1.000
14 0.000 0.043 0. 198 C.3bJ 0.526 0.683 0.715 0.763 0.808 0.851 0.B95 0.929 0.944 0.964 0.982 1.000
13 C.000 0.043 0.162 0.349 0.531 0.624 0.71 7 0.771 3.614 0.656 0.902 0.922 0.939 0. 956 0.979 1.000
12 0.000 0.0 36 C.160 O.309 0.449 0.592 0. 71 1 0.762 0.610 0.654 0.879 0.898 0.920 C.95J 0.981 1.000
1 1 0.000 0.046 0. 154 0. 26*4 0.409 0.618 C.660 0. 746 0.603 0.834 C .665 0.691 0.919 0.943 0.976 1.000
10 3.000 0.023 0. 144 0 .26 7 0.406 0.521 0.645 0.730 0.801 0.827 0.860 0.889 0.918 0.945 0.975 1.000
9 0.000 0.032 0.135 C .2 71 0.41 7 0.5C9 C.629 0.726 3.794 0.821 0.850 9.889 0.919 0.950 0.976 1.000
00
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TABLE 7. k CONTINUED
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL lk, 1969 
COMPUTED FLOW DISTRIBUTION 
CCOMPUTED NORMALIZED STREAM FUNCTION)
J=1 J=2 J=3 d=9 mII J=6 c II c_ II 00 J=9
oHIIn J=U J=12 c. II V* J = 1A J=15 J=16
s 0.000 0.022 0.128 0.270 0.380 0.482 0.57b 0.653 0.734 0.806 0.849 0.891 0.928 0.959 0.983 1.000
7 0.000 0.034 0.086 0.258 0.384 0.468 0.556 0.610 0.704 0.770 0.839 0.889 0.938 0.958 0.986 1.000
6 0.000 0.047 0.178 0.298 0.393 0.466 0.529 0.593 0.671 0.753 0.830 0.895 0.938 0.958 0.986 1.000
5 0.000 0.15S 0.239 0.301 0.373 0.443 0.512 0.591 0.668 0.732 0.824 0.881 0.928 0.951 0.981 1.000
4 0.000 0.107 0.169 0.228 0.289 0.359 0.454 0.522 0.596 0.667 0.771 0.651 0.899 0.935 O. 966 1.000
3 0.000 0.062 0.107 0.143 0.175 0.221 0.341 0.423 0.500 0.601 0.717 0.796 0.880 0.928 0.962 1.000
2 0.000 0.059 0.083 0.103 0.119 0. 135 0.238 0.304 0.390 0.477 0.S87 0.716 0.815 0.889 0.952 1.000
1 0.000 0.074 0.092 0.105 0.115 0.132 0.245 0.323 0.375 3.442 0.535 0.664 .0.765 0.863 0.960 1.000
TABLE 7.5
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 1A, 1969 
COMPUTED WATER LEVELS 
CFEET ABOVE MEAN SEA LEVEL)
I J=1 J=2 J=3 c_ II ■F c, II cn J=6 J=7 J=8 c. II lO c. II *—•
 o d=ll J = 12 c. II c. II -F c_ II J=16
31 314.09 313.85 313.89 313.93 313.98 313.91 313.98 313 96 313.98 313.70 313.93 313.63 313.92 313.89 313.41 314.05
30 313.68 313.41 313.45 313.50 313.55 313.53 313.47 313 55 313.51 313.17 313.50 313.06 313.48 313.42 313.16 313.63
29 313.47 313.10 313.19 313.25 313.34 313.29 313.32 313 26 312.95 312.86 313.04 313.05 313.14 313.01 313.27 313.35
28 313.21 312.76 312.98 312.96 313.05 312.99 313.02 312 92 312.53 312.72 312.48 312.87 312.74 312.82 313.23 313.13
27 312.99 312.47 312.72 312.81 312.81 312.86 312.89 312 61 312.55 312.44 312.63 312.56 312.80 313.10 313.22 312.94
26 312.80 312.28 312.48 312.66 312.52 312.77 312.77 312 59 312.54 311.82 312.44 312.73 313.00 312.99 313.15 312.69
26 312.70 312.18 312.34 312.43 312.54 312.63 312.69 312 60 312.51 312.48 312.52 312.71 312.98 312.94 313.05 312.59
2* 312.53 311.95 312.32 312.21 312.41 312.43 312.52 312 67 312.47 312.47 312.61 312.78 312.93 312.92 313.04 312.57
23 312.24 311.99 312.19 312.02 312.27 312.22 312.42 312 46 312.39 312.10 312.42 312.76 312.96 312.86 313.01 312.46
22 311.92 311.77 311.98 311.79 311.99 311.96 312.00 312 06 312.04 312.19 312.14 312.64 312.81 312.70 312.90 312.36
21 311.71 311.15 311.54 311.56 311.89 311.71 311.88 311 73 311.81 311.86 311.87 312.28 312.61 312.56 312.82 312.2S
20 311.56 311.74 311.36 311.4* 311.61 311.64 311.64 311 63 311.64 311.77 311.57 312.39 312.27 312.54 312.68 312.14
19 311.52 311.55 311.07 311.57 311.47 311.68 311.59 311 66 311.65 311.88 311.66 311.67 312.12 312.14 312.18 312.08
18 311.52 311.60 311.26 311.22 311.62 311.57 311.88 311 28 311.45 311.28 311.57 311.96 311.89 312.02 312.04 312.06
17 311.43 311.17 311.49 311.72 311.66 311.47 310.91 311 29 311.13' 311.53 311.85 311.76 311.71 311.88 311.96 311.99
16 311.54 311.43 311.68 311.65 311.58 311.61 311.47 311 87 311.91 311.94 311.96 311.76 311.93 311.98 311.90 312.04
IS 311.53 311.11 311.38 311.54 311.51 311.57 311.53 311 91 311.92 311.90 311.92 311.95 311.86 311.98 311.85 312.03
14 311.49 311.04 311.45 311.77 311.66 311.44 311.59 311 80 311.66 311.59 311.78 311.78 311.90 311.72 311.83 311.76
13 311.38 311.13 311.32 311.76 311.54 311.44 311.55 31 1 77 311.66 311.60 311.77 311.73 311.64 311.59 311.49 311.51
12 311.24 310.86 311.23 311.44 311.47 311.33 311.55 311 74 311.52 311.47 311.66 31 I.SI 311.52 311.45 311.40 311.34
11 311.07 310.82 311.06 311.39 311.23 311.81 311.40 311 70 311.50 311.50 311.46 311.40 311.43 311.36 311.26 311.27
10 311.00 31C.43 311.05 311.35 311.19 311.66 311.40 311 56 311.49 311.51 311.29 311.35 311.35 311.29 311.19 311.26
9 310.91 310.55 311.06 311.33 311.19 311.60 311.36 311 45 311.51 311.42 311.1 1 311.28 311.26 311.2S 311.11 311. 11
vo
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TABLE 7.5 CONTINUED
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 1A, 1969 
COMPUTED WATER LEVELS 
(FEET ABOVE MEAN SEA LEVEL)
J = 1 J = 2 J = 3 J = A J = 5 J = 6 J = 7
00II J = 9 J=10 J=ll J=12 J=13 J=1A J=15 J=16
8 310.89 310.37 311.07 311.31 311.17 311.23 311.03 311.24 311.35 311.30 310.98 31 1.10 311 . 17 310.97 311.16 310.95
7 310.86 310.38 310.S8 311.27 311.03 311.06 310.84 311.01 310.96 311.10 310.85 310.93 310.90 310.85 310.82 310.76
b 310.17 310.53 310.68 310.90 310.74 3IC.83 310.85 310.49 310.74 310.92 310.71 310.72 310.67 310.70 310.36 310.34
5 310.01 310.52 310.74 310.5b 310.40 310.26 310.88 31C.37 310.60 310.57 310.53 310.24 310.28 310.15 310.10 309.77
4 309.79 309.58 309.82 310.01 309.58 309.62 309.47 309.47 309.49 309.25 309.28 309.22 309.22 309.10 309.17 309.15
3 308.99 309.43 309.35 308.79 308.22 308.45 308.63 308.56 3.18.44 308.43 308.40 ^08.28 308.34 308.27 308.21 308.63
2 308.39 308.59 308.SS 308.30 308.24 308.03 308.43 308.19 308.25 308.19 308.18 308.15 308.11 308.11 308.13 308.16
I 308.00 308.00 308.CO 308.00 308.00 308.00 308.00 308.00 308.00 308.00 308.00 308.00 308.00 308.00 308.00 308.00
VO
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COMPUTED RESULTS
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISS.
Flood of April 14 ,19G9
v©
sketched normal to the computed streamlines; where the 
flow is concentrated in the main channel the water level 
is allowed tc increase (cf. figure 4.4). In every case 
the average computed water level (from table 7.5) on the 
sketched contours is the level shown on figure 7.4. Sur­
veyed high-water marks are plotted on figure 7.4 for com­
parison with the computed results.
A stagnation zone is indicated in figure 7.4 down­
stream from the left embankment. The kinetic energy excess 
was computed as .54 feet while the head loss due to fric­
tion along the free streamline was computed as .57 feet.
The necessary condition (6.3) for separation is thus ap­
proximated. Note that the stagnation zone is in open 
pasture (n = 0.04) (cf. figure 7.2). The data supports the 
possibility of a stagnation zone downstream from the right 
embankment; all high-water marks shown in the stagnation 
zone on figure 7.4 are of approximately the same elevation 
(313.53 feet). The computed water level in the stagnation 
zone is shown on figure 7.4 as 311.4 feet. That figure 
was obtained from the water-surface contours. The water- 
surface elevation in the stagnation zone must be constant.
Figure 7.5 compares computed and measured flow distri­
butions at the bridge. The observed values were obtained 
from the discharge measurement. The cumulative percentage 
at a selected point on the contracted section is obtained 
by dividing the discharge between the right abutment and
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Figure 7.5 -- Comparison of Computed and Observed Flow 
Distributions at Tallahala Creek at State 
Highway 528 near Bay Springs, Mississippi,
April 14, 1964
the selected point by the total discharge. That calcu­
lation is repeated for both the computed stream function 
and the actual discharge measured for several points on 
the contracted section.
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7.3.2 Flood of April 6 , 1964
A higher flood at Tallahala Creek at State Highway 528 
near Bay Springs, Mississippi, was recorded on April 6, 1964.
That flood overtopped the roadway of the left embankment.
The USGS made a discharge measurement during the flood and 
surveyed high-water marks near the bridge after the flood.
The discharge measurement was made after the flood 
crested, 0.17 feet below the peak; the total measured dis­
charge was 20015 cfs. Of the total discharge, ten percent 
was measured crossing the left embankment. The total dis­
charge at the peak (22,000 cfs) was obtained from the sta­
tion rating, and ten percent of that total (2,200 cfs) was 
assumed to cross the left embankment.
The stream function values at grid nodes adjacent to 
the left embankment were set by boundary condition in order 
to set the flow distribution on the overtopped embankment.
Ten percent of the computed flow was forced to cross the 
emb ankment.
The hydraulic roughness coefficients used are tabulated 
in table 7.6. They are the same as those used for the flood 
of April 14, 1969, except for the value at node (1=18,
J=16). Since the spur dike on the upstream side of the left 
embankment was not in place at the time of the earlier flood, 
it was not necessary to increase the roughness at that point.
The ground-surface elevations used are the same as those for 
the flood of April 14, 1969 (cf. table 7.2).
The computed results are tabulated in tables 7.7 and
TABLE 7.6
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 6, 1964 
HYDRAULIC ROUGHNESS COEFFICIENTS 
(MANNING N-VALUES)
I j=l J = 2 C. II J = 4 C. II VT J=6 J = 7
00II“3 J=9 J=10 J=ll J=12 J=13 J=14 J=15 J=16
31 0.176 0.160 0.160 0.160 0. 160 0. 160 0.160 0.096 0.096 0.096 0.120 0.120 0. 144 0.160 0.032 0.035
30 0.176 0.160 0.160 0.160 0.160 G.160 0. 160 0.096 0.096 0.096 0.120 0.144 0.144 0.160 0.032 0.035
29 0.176 0.160 0.160 0.160 0. 160 0.160 0.160 0.096 0.096 0.120 0.120 0.144 0. 160 0. 160 0.032 0.035
28 0.176 0.160 0.160 0.160 • 0. 160 0.160 0.09b 0 . 096 0.096 0.120 0.144 0.144 0.160 0.032 0.032 0.035
27 0.176 0.160 0. 160 0. 160 0. 160 0.160 0.096 0.096 0. 120 0.064 0.032 0.032 0.032 0.032 0.032 0.035
26 0.132 0.120 0.120 0.120 0.120 0.120 0. 120 0.U32 0.032 0.032 0.032 0.032 0.032 0.032 0.032 0.C35
2b 0.132 0.120 0.120 0.120 0.120 0.120 0.120 0.048 0.048 0.048 0.032 0.032 0.032 0.032 0.032 0.035
2* 0.132 0.120 0.120 0.120 0.120 0. 120 0.120 0. 120 0.120 0.048 0.048 0.032 0.032 0.032 0.032 0.C35
23 0.132 0.120 0.120 0.120 0. 120 0.120 0.120 0. 120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.132
22 0.132 0.120 0.120 0.120 0. 120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0.120 0. 120 0.120 0.132
21 0.132 0.120 0.120 0.120 0.120 0. 120 0.120 0.120 0.120 0.120 0.120 0.120 0. 120 0. 120 0.120 0.132
20 0.132 0.120 0. 120 0.120 0.120 0.120 0.120 0.120 0. 120 0.120 0.120 0.120 0. 12C 0. 120 0.120 0.132
19 10.000 0. 120 0.120 0*048 0.048 0.048 0.048 0.048 0.048 0.080 0.080 0.080 0.08C 0.080 0.120 0.035
18 0.034 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.331 0.031 0.031 0.031 3.031 C. 331 0.C31 0.034
17 0.038 0.0 Jb 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.038
16 0.038 0.C35 0.035 0.035 0.035 0.035 0.035 C.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.038
lb 0.03b 0.040 0.C40 0.040 0.040 0.056 0.056 0. 160 0.160 0.160 0.160 0.160 0. 160 0.160 0.163 0.176
14 0.03S 0.040 0.040 0.040 0.040 0.05b 0.160 0.160 0. 160 0.160 0.160 0.160 0. 160 0.160 0.160 0.176
13 0.035 0.040 0.040 0.040 0.040 0.056 0.056 0.056 0.160 0.160 0.160 0.160 0. 160 0.160 0.163 0.176
12 0.035 0.040 0.040 0.040 0.040 0.056 0.056 0. 160 0.160 0. 160 0.160 0.160 0. 160 0. 160 0. 160 0.176
11 0.035 0.040 0.040 0.040 0.C40 0.056 0.056 0.056 0.160 0.160 0.160 0.160 0.160 0.160 0.160 0.176
10 0.035 0.040 0.040 0.040 0.040 0.071 0.071 0. 160 0. 160 0.160 0. 160 0.160 0. 160 0. 160 0. 160 0.176
9 0.035 0.040 0.040 0.040 0.040 0. 120 0. 120 C. 160 3. 160 0.160 0.160 0.160 0.160 0. 160 0.200 0.220
VO
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TABLE 7.6 CONTINUED
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 6, 1969 
HYDRAULIC ROUGHNESS COEFFICIENTS 
(MANNING N-VALUES)
I
J=1 J=2 J=3 J = 9 J = 5 J=6 d = 7 c. II 00 J=9 J = 10 J=ll J=12
HII“3 d=19 J=15
UDHII*3
8 0*035 0.040 0.040 0.040 0.040 0.120 0. 106 0.106 0.160 0.160 0.160 0.160 0.160 0.200 0.200 0.220
7 0.035 0.032 C.C32 0.032 0.160 0.120 0.120 0.160 0.160 0.160 0.160 0.160 0.177 0.200 0.200 0. 220
e> 0.078 0.035 0. J32 0.160 0.120 0. 120 0.120 0. 120 0.120 0.160 0.160 0.160 0.200 0.200 0.200 0. 132
0.088 0.080 0.160 0.160 0. 120 0.120 0. 120 0.120 0.160 0.160 0.160 0.177 0.200 0.200 0.120 0. 132
0.101 0.142 0.160 0.160 0.120 0. 120 0.120 0. 160 0.160 0.160 0.160 0.200 0.200 C.142 0.120 0.132
0.106 0.209 0.2C0 0.191 0. 144 0.056 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0 • 036 0.040
0.106 0.20C 0.200 0. 144 0.144 0.048 0.036 O.U 36 0.036 0.036 0.036 0.036 0.036 0.036 0*036 0.040
0.106 0.096 0.200 0.144 0.144 0.048 0.048 0.036 0.036 0.036 C. 036 3.036 3.036 0.036 0*036 0.04C
VO
00
99
7.8. Table 7.7 tabulates values of the computed normalized 
stream function and table 7.8 tabulates computed water 
levels. The values are tabulated for the nodes of the fi­
nite element grid which can be located by reference to 
figure 7.2.
Since the flow over the left embankment can be ex­
pected to be critical, the pressure equation (4.9) cannot 
be applied on computed streamlines that cross the embankment. 
Additional approximations are thus necessary for the appli­
cation of algorithm 5.1 to the higher flood. Water levels 
were not computed for grid nodes in the region upstream 
from the left embankment that were on computed streamlines 
that crossed the embankment; water levels at those nodes 
were approximated by extrapolating the computed water levels 
at neighboring nodes on the water-level contour map (figure 
7.6). The numerical entries are not tabulated in 
table 7.8 for those nodes. The water levels on figure 7.6 
are to gage datum (265.43 feet above mean sea level).
The fall was measured by the USGS at the time of the
discharge measurement (0.17 feet below flood peak). The 
water levels were marked at the downstream side of the 
abutments and on the upstream side of the embankment one 
bridge width from the abutments according to the field pro­
cedure discussed in section 1.2.2. That measured fall is 
reported by the BPR (1970, table B-2, p. 102) as 1.62 feet.
The fall at the flood peak can be expected to be somewhat
greater.
TABLE 7.7
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOO OF APRIL 6, 1964 
COMPUTED FLOW DISTRIBUTION 
(COMPUTED NORMALIZED STREAM FUNCTION)
I J = 1 J=2 c. II J = 4 J=5 J=6 J=7 C- II 00 J = 9 J = 10 c. II k-* J= 1 2 J= 13 J=14 0=15 J= 16
31 0.000 0.023 0.050 0.079 0.108 0.136 0.171 0.229 0.302 0.382 0.472 0.543 0.615 0.658 0.735 1.000
30 0.000 0.019 0.048 0.082 0.108 0.134 0.17S 0.215 0.299 0.392 0.468 0.547 0.617 0.663 0.759 1.000
29 0.000 0.024 0.046 0.082 0.119 0.155 0.194 0.264 0.346 0.423 0.510 0.591 0.650 0.700 0.778 I. 000
28 0.000 0.028 o.osa 0.095 0.132 0.172 0.228 0.299 0.407 0.491 0.566 0.629 0.672 0.710 0.864 1.000
27 0.000 0.029 0.067 0.106 0.143 0.198 0.257 0.356 0.440 0.S18 0.606 0.678 0.723 0.805 0.917 1.000
26 0.000 0.037 0.078 0.123 0.170 0.224 0.288 0.356 0.470 0.542 0.667 0.750 0.810 0.885 0.943 1.000
25 0.000 0.043 0.095 0.139 0.191 0.246 0.295 0.349 0.438 0.586 0.677 0.746 0.808 0.866 0.931 1.000
26 0.000 0.048 0.111 0.163 0.210 0.271 0.312 0.36S 0.420 0.493 0.640 0.743 0.790 0.857 0.921 1.000
23 -0.000 0.056 0.111 0.167 0.216 0.275 0.319 0.362 0.414 0.506 0.566 0.708 0.770 0.836 0.920 1.000
22 0.000 0.041 0.110 0.171 0.228 0.280 0.319 0.357 0.397 0.451 0.535 0.701 0.746 0.803 0.904 1.000
21 0.000 0.026 0.092 0.164 0.224 0.274 0.317 0.348 0.382 0.426 0.506 0.650 0.755 0.794 0.871 1.000
20 0.000 0.001 0.082 0.137 0.205 0.2S0 0.303 0.335 0.393 0.461 0.S40 0.680 0.766 0.811 0.866 1.000
19 0.000 0.000 0.0S3 0.110 0.152 0.217 0.281 0.336 0.394 0.468 0.566 0.651 0.756 0.822 0.908 1.000
18 0.000 0.000 0.0S6 0.098 0.256 0.390 0.473 O.S30 0.572 0.612 0.649 0.686 0.735 0.789 0.835 1.000
17 0.000 0.074 0.171 0.267 0.386 0.491 0.545 0.589 0.627 0.664 0.698 0.734 0.771 0.813 0.855 1.000
16 0.000 0.135 0.286 0.396 0.497 0.586 0.636 0.692 0.713 0.736 0.760 0.786 0.811 0.838 0.859 1.000
IS 0.000 0.089 0.179 0.286 0.398 0.493 0.653 0.703 0.738 0.768 0.802 0.835 0.861 0.879 0.891 1.000
14 0.000 0.040 0.185 0.330 0.492 0.638 0.668 0.713 0.755 0.793 0.834 0.864 0.876 0.893 0.906 1.000
13 0.000 0.045 0.171 0.328 0.498 0.585 0.671 0.724 0.764 0.804 0.846 0.863 0.878 0.892 0.910 1.000
12 0.000 0.034 0.171 0.293 0.424 0.558 0.671 0.720 0.767 0.809 0.833 0.850 0.869 0.896 0.921 1.000
11 0.000 0.043 0.147 0.270 0.389 0.492 0.627 0.709 0.766 0.796 0.825 0.850 0.876 0.900 0.928 1.000
10 0.000 0.027 0.138 0.2SS 0.388 0.497 0.616 0.698 0.767 0.792 0.825 0.857 0.884 0.91 1 0.940 1.000
9 0.000 0.031 0.129 0.260 0.400 0.488 0.603 0.696 0.762 0.790 0.821 0.862 0.894 0.923 0.948 1.000
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TARLE 7.7 CONTINUED
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 6, 1964 
COMPUTED FLOW DISTRIBUTION 
(COMPUTED NORMALIZED STREAM FUNCTION)
J=1 J = 2 C_ II J = 4 c_ II J=6 c_ II -nJ C- II 00 c. II 10 J = 10 J = ll J=12 C_ II
JTII J = 15 J=16
a 0.000 0.021 0.123 0.260 0.366 0.465 0.557 0.632 0.711 0.783 0.828 0.872 0.910 0.941 0.966 1.000
7 0.000 0.033 0.084 0.251 0.373 0.456 0.543 0.595 0.689 0.755 0.826 0.878 0.929 0.950 0.978 1.000
6 0.000 0.046 0.174 0.291 0.385 0.457 0.519 0.582 0.661 0.744 0.822 0.889 0.933 0.953 0.983 1.000
S 0.000 0.153 0.236 0.297 0.368 0.438 0.506 0.584 0.661 0.726 0.818 0.876 0.924 0.948 0.980 1.000
4 0.000 0.106 0.168 0.226 0.288 0.357 0.452 0.519 0.S94 0.664 0.768 0.848 0.897 0.934 0.966 I. 000
3 0.000 0.062 0.108 0.143 0.176 0.222 0.342 0.424 0.501 0.601 0.718 0.797 0.880 0.928 0.962 1.000
2 0.000 0.060 0.084 0.106 0.123 0.143 0.258 0*328 0.413 0.500 0.609 0.737 0.830 0.899 0.957 1.000
I 0.000 0.072 0.091 0.10S 0.116 0.143 0.27S 0.350 0.398 0.467 0.560 0.684 0.780 0.872 0.969 l.OOC
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I31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
TABLE 7.8
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 6, 196^
COMPUTED WATER LEVELS 
(FEET ABOVE MEAN SEA LEVEL)
J=1 J = 2 J=3 d = <l J = 5 J=6 J = 7 J-8 J=9
oII“D J = I1 12 J = 13 J=1L
315.62 315.36 315.52 315.61 315.71 315.63 315.73 315.90 315.92 315.56 315.86 315.75 316.07 316.06
31S.13 314.86 315.02 315.IS 315.28 315.24 315.26 315.42 315.44 314.99 315.42 315.28 315.69 315.60
314.88 314.51 314.74 314.90 315.08 315.02 315.14 315.16 314.88 314.92 315.09 315.44 315.56 315.22
314.57 314.18 314.59 314.61 314.77 314.79 314.88 314.82 314.64 314.67 315.12 315.23 315.13 314.96
314.31 313.88 314.37 314.34 314.58 314.69 314.76 314.65 314.60 314.68 315.13 315.02 314.99 315.07
314.10 313.76 314.18 314.48 314.40 314.64 314.67 314.65 314.S0 314.55 315.00 315.33 314.99 315.89
313.98 313.76 314.08 314.27 314.41 314.52 314.58 314.67 314.57 315.11 314.96 315.30 314.95 315.04
313.75 313.S9 314.25 314.12 314.34 314.43 314.47 314.59 314.50 314.44 315.26 315.24 315.01 315.72
313.43 313.70 314.13 314.00 314.25 314.29 314.37 314.46 314.42 314.50 315.04 314.96 315.05 314.87
313.23 313.39 313.98 313.85 314.06 314.13 314.09 314.24 314.17 314.20 314.60 314.84 315.08 314.76
313.09c 312.76 313.52 313.72
313.97 313.96 314.00 314.10 313.95 313.96 314.38 314.70 314.94 314.67
312.82 313.19 313.33 313.55 313.71 313.81 313.78 313.85 313.78 313.82 313.66 314.33 314.43 314.48
312.76 312.90 312.84 313.65 313.62 313.77 313.80 313*91 313.80 313.75 313.51 313.60 314.24 313.93
312.75 312.98 313.16 313.17 313.81 313.67 313.71 313.39 313.19 313.39 313.48 313.66 314.08 313.88
312.69 313.07 313.64 314.07 313.82 313.51 312.81 313.08 313.21 313.21 313.65 313.95 313.78 313.72
312.98 313.53 313.93 313.79 313.85 313.51 313.60 313.75 313.81 314.00 314.03 313.79 313.76 313.62
312.90 313.07 313.34 313.70 313.54 313.65 313.56 313.77 313.98 313.80 313.70 313.59 313.59 313.49
312.79 312.78 313.46 313.81 313.68 313.59 313.41 313.69 313.91 313.66 313.49 313.37 313.38 313.34
312.65 312.96 313.34 313.78 313.70 313.25 313.37 313.71 313.79 313.52 313.30 313.35 313.24 313.19
312.50 312.45 313.22 313.48 313.44 313.34 313.42 313.64 313.64 313.44 313.32 313.15 313.20 313.09
312.39 312.47 313.01 313.52 313.19 313.60 313.47 313.56 313.59 313.41 313.24 313.04 313.06 312.99
312.35 312.09 312.99 313.46 313.14 313.49 313.36 313.49 313.48 313.36 313.18 313.01 312.89 312.91
312.30 312.19 313.00 313.45 313.15 313.40 313.22 313.39 313.48 313.25 313.16 312.93 312.77 312.83
TABLE 7.8 CONTINUED
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI 
FLOOD OF APRIL 6, 196<t 
COMPUTED WATER LEVELS 
CFEET ABOVE MEAN SEA LEVEL)
J=1 J=2 J=3 J = 9 c. II \*n J=6 J=7 c_ II 00 c. II wo d=10 C_ II H J=12 J = 13
J-II“3 c. II vn J=16
a 312*29 312.02 313*05 313*44 313.22 313.18 312.97 313.22 313.18 313.27 312.91 312.76 312.65 312.40 312.28 312.63
7 312*27 312.06 312*37 313.37 313.04 312.93 312.76 312., 63 312.85 313.01 312.74 312.38 312.29 312.29 312.12 312.20
6 311*75 312.18 312*62 312*88 312.66 312*70 312.94 312.34 312.68 312.77 312.54 312.13 311.95 312.01 311.63 311.49
s 311*54 312.38 312*64 312*45 312.26 312.11 312.72 312.22 312.46 312.34 312.27 311.68 311.56 311.47 311.37 311.OS
4 311*24 310*95 311.56 311*78 311*40 311*37 311.26 311.15 311.20 310.9S 310.95 310.71 310.59 310.48 310.51 310.47
3 310*40 310*88 310.78 310*45 310.17 310.33 310.33 310.32 310.23 310.23 310.21 310.07 310.09 310.05 310.00 310.12
2 310.06 310.21 310.22 310*04 310.14 309.91 310.27 310.03 310.08 310.06 310.OS 310.02 309.98 309.99 309.98 309.94
1 309*90 309.90 309.90 309*90 309.90 309.90 309.90 309.90 309.90 309.90 309.90 309.90 309.90 309.90 309.90 309.90
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COMPUTED RESULTS o High-Water Marks
TALLAHALA CREEK AT STATE HIGHWAY 528 NEAR BAY SPRINGS, MISSISSIPPI
Flood of April 6,1964
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The high-water marks shown on figure 7.6 support the 
higher computed water levels upstream from the left embank­
ment as compared with the levels upstream from right embank­
ment (see figure 7.6). That configuration is also typical 
of the computed water levels shown on figure 7.4 for the 
flood of April 14, 1969; the high-water marks for that flood 
do not support that water-level differential.
7.3.3 Computed Fall (Ah)
The difference in water level across the approach em­
bankment Ah was defined in section 1 .2 .2.2 and its impor­
tance as an objective index for verification work was dis­
cussed. Two different definitions were given. The first 
was that used by the BPR and was based on the water level 
at the channel centerline on section (3) (cf. figure 1.2) as 
a measure of water level on the downstream side of the em­
bankment. The second was based on the field procedure for 
measuring fall during floods; it used the average of the 
water levels at the abutments of the bridge as a measure of 
downstream water level.
The computed water surface shown in figures 7.4 and 
7.6 are not characterized by the descriptions of typical 
water-surface configuration of the BPR (1970, p. 25) or of 
Kindsvater, Carter and Tracy (1953, p. 4) (cf. section 
1.2.2). Referring to the schematic diagram of figure 1.2, 
the average computed water level on the region AEFG is not 
the same as the average computed water level on the region 
ABCD; the computed water levels are not constant on those
106
two regions as postulated In section 1.2 .2; there is no 
stagnation zone or corresponding pool water level down­
stream from the left embankment; and the computed flow dis­
tribution indicates a significant angle of flow with the 
contracted section.
The writer suggests that an appropriate value to assign 
to the computed fall for comparison with observed fall on 
the basis of the field practice definition would be the 
difference between the average computed water level on the 
region ABCD (cf. figure 1.2) upstream from the left embank­
ment and the computed stagnation water level downstream 
from the right embankment. The comparison of a computed 
water level on the region upstream from the left embankment 
with the stagnation water level downstream from the right 
embankment is justified by the eccentricity of the computed 
flow distribution. Those two regions are the only regions 
where the pool water levels emphasized in the definitions 
of fall (cf. section 1.2.2) are approximated. The calcu­
lations are summarized in table 7.9.
Another value for the computed fall appropriate to the 
BPR definition could be obtained by comparing the average 
water level on the approach section (1) with the centerline 
water level on the contracted section (3) (cf. figure 1.2). 
That value might seem more objective since it more nearly 
represents the nominal fall postulated by the BPR defini­
tion (BPR, 1970) (cf. section 1.2.2) even though it is 
based on a computed water surface that is not characteristic
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Table 7.9 
Comparison of Computed and Observed 
Fall Based on the Field Practice Definition
April 14, 1969
Water Level
Upstream from left
emb ankment...........
Stagnation zone
downstream from right 
emb ankment...........
Average of left
and right abutments..
Fall (Ah) .............
Computed Observed
312.6
311. 4
1.2
312.85
311.54
311.55
1.3
April 6 , 1964
Upstream from left
emb ankment........... .
Stagnation zone
downstream from right 
emb ankment...........
Fall (Ah)..............
49 .6
47.75
1.85
49.5
47.8
1.7
Fall measured during 
flood 0.17 feet below 
crest................ 1.62
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of the BPR typical water-surface configuration as discussed 
above. The calculations are summarized in table 7.10.
Table 7.10
Comparison of Computed and Observed 
Fall Based on BPR Definition
April 14, 1969
Water Level Computed Observed
Average at section (1).............  312.3 312.85
Reference Mark (RM)...........  311.97
Centerline Section (3)........ 311.5________ ______
Fall (Ah)............................  0.8 0.88
April 6 , 1964
Average at section (1)........ 49 . 15 49 .7
Reference Mark................. 48.43
Centerline...........................  48.2 _____
Fall (Ah)............................  0.95 1.3
7.4 Computed Vorticlty
The calculations were all performed with the material 
derivative of vorticity D£/Dt (cf. equation 5.12) assumed 
to be zero. The vorticity was then computed on each ele- : 
ment of the finite element grid system using equation 
(5.19). The values for computed vorticity did not differ 
significantly from zero.
The material derivative D£/Dt represents changes in 
angular velocity of the fluid elements. Since the rota­
tional motion of the fluid is caused by viscous forces 
generated at the channel bottom G and solid boundaries 3DX 
and 3D2, it is not surprising that angular momentum of 
the fluid is dominated by the surface forces that generate 
it. Indeed the classical argument for the symmetry of the 
viscous stress tensor is based on the dominance of surface 
forces over body forces. Surface area of a fluid element 
is related to the square of a characteristic dimension 
for the element while volume is related to the cube of the 
characteristic dimension. As the characteristic dimen­
sion approaches zero the body forces which are related to 
the volume of the element are dominated by surface forces 
which are related to surface area (Pao, 1967 , p. 37).
For these reasons the material derivative D?/Dt will 
probably always be approximately zero. Equation (3.13) 
could then be represented by the homogeneous relationship:
(7.1) Curl F - 0
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The vorticity should always be computed, however, to check 
on the assumption.
Even though the vorticity is small, the conclusion 
that it is zero should be avoided. The computed flow 
distribution shown in figures 7.4 and 7.6 are very dif­
ferent from the potential flow distribution. To assume 
a potential flow distribution would be a serious error.
A significant change in flow distribution can be associ­
ated with a very small vorticity. The angular momentum 
associated with that small vorticity can be insignificant.
8. CONCLUSIONS
For the steady gradually varied subcritlcal flow of 
a fully developed turbulent boundary layer, the Bernoulli 
equation on a two-dimensional streamline equation (4.9) 
is an itegral identity of the Euler momentum equation; it 
is valid even along streamlines that pass through the con­
traction. Hydrostatic pressure distribution is specified 
by the definition of gradually varied flow.
Techniques for computing water levels in natural chan­
nels by the numerical solution of the Bernoulli equation 
are currently available (e.g., step backwater). For two- 
dimensional flow, however, the two-dimensional stream­
lines must be accurately located before the water levels 
can be computed. The Bernoulli equation is not inde­
pendent of path in a rotational flow field; it can only 
be used among points that lie on the same streamline.
The finite element technique developed by Zienkiewicz 
(1970) for computing the deflections of an elastic membrane 
can be used to locate the two-dimensional streamlines.
The stream function specifies the two-dimensional flow 
distribution and the level curves (contours) of the stream 
function are the two-dimensional streamlines along which 
the Bernoulli equation can be applied. The differential 
equation of motion which governs the flow distribution has 
a form similar to that of the unloaded elastic membrane
equation (cf. equation 3.13) (i.e., the homogeneous "quasi- 
harmonic" partial differential equation). The values of 
the stream function correspond to the membrane deflections, 
and a coefficient which is a function of channel convey­
ance and magnitude of velocity corresponds to the membrane 
stiffness coefficient in the membrane analogy. The 
boundary conditions are specified as forced deflections 
at the edges of the membrane.
Field data collected by the USGS at Tallahala Creek 
at State Highway 528 near Bay Springs, Mississippi, are 
characterized as follows: 1) above normal water levels 
downstream from the contracted section; 2) the absence of 
separation downstream from the left approach embankment; 
and 3) estimated backwater five times as great as the 
value that would be predicted by empirical techniques 
currently used by the USGS and the BPR. The mathematical 
model developed in this dissertation can explain each.
The contraction causes increased velocities and in­
creased lengths of streamlines in both the regions up­
stream and downstream from the contracted section; head 
loss due to friction along those streamlines is increased 
accordingly (cf. equation 4.9). Unless the flow is criti­
cal at some point on a streamline, the increaised friction 
losses will result in above normal water levels both up­
stream and downstream from the contracted section.
A necessary condition for separation is that the
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velocity head at the point of separation exceed the total 
head loss due to friction along the free streamline (cf. 
equation 6.3). If the velocity head on the free stream­
line is not sufficient to balance head loss due to fric­
tion on the free streamline then the Bernoulli equation 
on the free streamline (cf. equation 4.9) requires a 
change in water level somewhere on the free streamline.
But the free streamline is the boundary of the stagnation 
zone and the water level must be constant on the stagnation 
zone. Such water level fluctuations on the free stream­
line would thus result in discontinuities in the hydro­
static pressure distribution (cf. equation 4.2). Such 
discontinuities would result in forces that could not be 
supported by the fluid.
The necessary condition for separation can be used 
to predict the absence of separation. The absence of 
separation is associated with a flow distribution that can 
damage the downstream side of an earthen highway embank­
ment. The necessary condition for separation thus provides 
important design information. Where hydraulic roughness 
is large in the expansion zone downstream from a con­
traction and friction loss is expected to be great, 
separation should not be expected.
Comparison of computed and measured values of fall Ah 
(cf. tables 7.9 and 7.10) indicate that the finite element 
model can predict the large contraction losses that
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currently used empirical techniques seriously underesti­
mate.
Additional data is needed to completely verify that 
algorithm 5.1 computes the proper flow distribution over 
the entire two-dimensional region near the contracted 
section. High-water marks and ground-surface elevations 
are needed over a region subtended by one valley width 
upstream and one valley width downstream of the contracted 
section.
The writer suggests that the testing of equations 4.9 
and 7.1 (equation 4.9) under conditions of steady gradually 
varied turbulent flow might be valid subjects for labora­
tory hydraulic model studies. Once verified the equations 
would become the basis for an extension of the theory to 
field prototypes. This approach would be more valid than 
the presently used approach of comparing the field proto­
types directly to small scale models. The latter exa- 
gerates the effects of viscosity (cf. section 1.1) while 
the suggested approach merely tests a general hypothesis 
which when verified could be applied generally through 
mechanics.
There has been no experimental investigation of the 
two-dimensional nature of hydraulic roughness. Low values 
of roughness are usually assigned in main channels passing 
through wooded areas. But if the flow at flood stage is 
not directed along the channel then the low value is not
justified. Zienkiewicz1 a (.1970) general linear "quaai- 
harmonic" partial differential equation admits an aniso­
tropic conductance which, could easily be adopted to an 
anisotropic channel resistance in equation (5.3).
More extensive field surveys would be required, however, 
and the added effort would have to be justified economi­
cally.
The accuracy of the finite element solution procedur< 
used by algorithm 5.1 can be improved by the use of quad­
ratic elements; the form of the interpolating function 
(5.5) can be changed to one of the following:
(8.2a) <(>e “ a^x + a2y + a 3xy +
(8.2b) <{>e = ctjX + a2y + a 3x2 + a^y2 + a 5
(8.2c) (j)e = djX + a2y + a 3xy + a^x2 + a5y 2 + a6
The forms (8.2) are associated with elements that have
four, five, and six degrees of freedom respectively; the 
linear form (5.5) has three degrees of freedom. There 
must be one information node for each degree of freedom 
associated with each element. The increased number of 
parameters would increase the order of equations (5.8), 
but larger quadratic elements would make the same ac­
curacy obtainable with a smaller number of elements as
compared with the linear elements. Zienkiewicz (1970) 
suggests an element based on equation (8.2c) with six 
information nodes chosen at the vertices and midpoints.
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